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SUMMARY 


A study was conducted to establish a viable program to improve the specific fuel consumption, 
by use of ceramic materials in the Detroit Diesel Allison Model 404 industrial gas turbine en- 
gine (herein called the base line engine). These ceramic materials permit mcreases in cycle 
operating temperatures and contribute to improved component efficiencies. The overall pro- 
gram objectives, using ceramic materials, were to accomplish the following goalsf? 

• Improve the specific fuel eohsumptibn from 274 mg/W*h (0. 45 Ib/bhp-hr) to 213 mg/Wh 
(0. 35 Ib/bhp-hr) in a five-year program 

• A commercially viable engine 

• Conformance with current and projected noise and emission standards 

The study conducted assessed (1) the improvements that can be made to the current engine by 
use of ceramic materials and component efficiency improvements, (2) truck and bus perfor- 
mance and life cycle costs from engine improvements, and (3) the risk or technical feasibility 
of engine improvements to achieve the fuel consumption goal in five years. The study estab- 
lished that the fuel consumption objective could be met by the use of ceramics in the regener- 
ator disks and seals, turbine inlet vanes and stationary turbine tip shrouds, turbine inlet 
plenum, gasifier rotor blades, combustor, and exhaust diffusers along with component effi- 
ciency improvements in the compressor, turbines (gasifier and power), and regenerator disks. 
At a turbine inlet temperature of 1204°C (2200®P), the fuel consumption is within 2% of ihe 
goal, and at 1371“C (gSOO^F) the goal was exceeded. 

At the 213 mg/W‘h (0. 35 Ib/bhp-hr) sfc level, fuel savings achieved were 116,000 litres 
(30,600 gal) per tnick or 100,000 litres (26, 500 gal) per bus in a typical 805, 000 -kilometre 
(500, 000-mile) engine life. In addition, it was shown that the engine-related life cycle costs of 
a typical highway truck or an intercity bus are improved by 5% to 15% (depending on the cera- 
mic materials and fuel costs that are assumed). Noise and emission regulations can be met 
by the improved engines wilh niinimal development. 

The development risks associated with ceramic materials vary with the components — the regen- 
ei*ator being the lowest risk and the turbine rotor biade the highest risk in the time chosen for 
the program. Components selected for development are considered to be feasible for demon- 
stration in the program planned. 

An engine development plan was prepared, using the results of the study effort, which addressed 
the overall program objectives. The steps involved in the program are to increase the turbine 
inlet temperature successively from 1002®C (1835“P) (base line engine) to 1038**C (1900*F) to 
1132*C (2070 "F) to 1241 ®C ( 2265 “F) with stepwise increases in the niunbers of ceramic com- 
ponents, and to the aerodynamic component efficiencies. Ceramic regenerators are the fiifst 


components to be tested in the engine. Next, ceramic turbine inlet vanes and stationary rotor 
tip shrouds are introduced with a modest temperature increase. In the 1132®C (2070*' F) 
engine, the ceramic turbine inlet plenum and gasifier rotor blades are introduced. Finally, 
in Uie 1241 ®C (2265®F) engine, a ceramic combustor, an exhaust diffuser, and power turbine 
nozzles are introduced along with improved aerodynamic components and the fuel consumption 
goal demonstrated. 

In the development plan, ceramic components will be tested in considerable depth with rigs 
as well as engines to establish the feasibility of introducing ceramic components into production 
engines. Data achieved will be carefully and thoroughly integrated into a probabilistic design 
.nethodology procedure. The objective of this activity will be to establish design techniques 
which consistently predict ceramic material behavior. With the design method, proper ma- 
terial specifications, demonstrated inspection and quality control techniques, and significant 
rig and engine experience, the applicability of ceramic materials to a commercial engine can 
reasonably be expected to be established. 
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INTRODUCTION 

This investigation is a part of an overall study of gas turbine engine fuel consumption improve- 
ments that is being managed by the Lewis Research Center of the National Aeronautics and 
Space Administration under sponsorship of Uie Energy Research and Development Administra- 
tion* The study, reported herein under" bontract number NAS3-20064, involves die assessment 
of the potential for improving die Detroit Diesel Allison (DDA) Model 404 industrial gas turbine 
engine, herein called the base line engine, as applied to line haul trucks and highway buses 
through the use of ceramic components and aerodynamic efficiency improvements. The output 
of die study ^vas used to generate a viable program plan for the development and implementa- 
tion of the recommended modifications. 

Detroit Diesel Allison has been active in developing an industrial gas turbine for more dian 
twenty years. In this time, the all-metal gas turbine engine has progressed from an installed 
specific fuel consumption of approximately 426 mg/W’h (0. 7 Ib/bhp-hr) to 274 mg/W*h (0, 45 lb/ 
bhp-hr). Further, more than dir ee million miles of truck, bus, and other vehicles usage have 
been compiled. Sicludihg development test stand running, more than 200, 000 hours of engine 
operation have been completed. These engines are the Model 404, rated at 224 kW (300 hp), 
and the Model 505, rated at 291 kW (390 hp). A diird en^ne, the Model 605, is planned for 
the same engine block and gearbox (95% commonality of parts): it is rated at 347 kW (465 hp). 

The objective of this long-term development program has been to provide a new engine which 
can successfully compete in the heavy duty engine market place* Typical applications for d 'is 
type engine are in highivay heavy duty trucks, intercity buses (coaches) , generator sets, boats, 
air compressors, and heavy duty equipment (loaders, scrapers, haulers, etc). To compete 
successfully in the market place, the engine must give fuel ebonorry that is equal to or better 
than that of current heavy duty engines, must meet all government regulations on noise or 
emissions, must possess the durability and reliability diaracteristics equal to tliose of engines, 
and must not cost significantly morb than the engines it is to replace. Most of these require'' 
ments have been met by the all-metal engine, and volume production is receiving serious con- 
sideration* 


Advanced versions of development add production gas turbine engines receive continuous con- 
sideration, and ceramic engine components have been tlie subject of studies for many years. 
High rislt has been asaigned to cbramic gas turbliie engine components, and only minimal 
binding has been affordable for this high technology area. With the recent empliasis, by gov- 
ernment. on expediting the ceramic materials technology, a program to introduce ceramics 
in the base line engine was conceived and presented for government support. Benefits offered 
by ceramic materials are evident from their potentially high-strength, high-temperature cliar- 
acteristics. Higher turbine inlet temperature, higher regenerator operating temperature, 
and iiie potential for low cost are some of the benefits to be derived. Recent progress, evolving 
from government supported programs, has begun to indicate die potential of sucli ceramics -as 


silicon nitride, silicon carbide, and alumina -silicate materials. Other materials, such as 
sialons, lithium -alumina-silicate, and magnesium-alumina-silicate, are also candidate ma- 
terials under development. 

Specific problems arise in trying to incorporate ceramic components in any engine* The brittle 
nature of ceramics establishes a need for a new design methodology which recognises the proba- 
bilistic nature of inherent flaws from fabrication. Design must provide attachments between 
ceramic and metal parts which properly distribute contact loads since, unlike metals, ceramic 
materials break rather than yield and redistribute local loads. Thermally induced stresses re- 
sulting from either transient or steady-state operating conditions must be accurately predicted 
over a complete operating cycle and geometry, or operation must be varied to accept the limi- 
tations of the ceramic materials* Inspection methods historically used for metals must be 
modified or new techniques must be developed to sort good fabricated parts from bad fabricated 
parts* New fabrication techniques must be forthcoming to produce consistently reliable, low- 
cost ceramic parts. Testing must be monitored closely to ascertain properly the environmental 
conditions which cause failures or produce chemical instability in ceramic parts. These and 
other problems must be solved to bring ceramic materials to a state of production readiness. 

In the program, each of these problems will be addressed in developing ceramic components 
for the engine* 

Proper program planning and technical advances can be achieved only with a careful assessment 
of the current state of the art and by realistic projections of how improvements 3nay be accom- 
plished. A study to make assessments of potential improvements to the base line engine was 
established, and the results are reported herein* In the study, ceramic materials and the 
resulting improved component efficiencies were incorporated as candidate means of achieving 
the improved fuel economy objective of the program in the time frame specified (by the end 
of 1981 ). 

A sequence of evaluation and study was established and a set of criteria was selected for 
choosing improvements for the base line engine. The study sequence selected was as follows. 

# Assess sensitivities of engine parameters that might be changed. An increment of change 
in parameter yielding a 1% change in specific fuel consumption (sfc) was established* 

# Select components for improvement from the sensitivity study based on ceramic materials 
capabilities and on feasible component efficiency or performance improvements. Tech- 
nical specialists studied current and projected improvements and established goals. 

# Calculate performance improvements of the engine and vehicles with the improved engines. 
Steps in improvement were selected to obtain maximum experience with current engine 
geometry and parts. This course was pursued to minimize program hardware costs and 
maximize the potential for early introduction of ceramic components in the production 

■ engine*; 


• Establish preliminary designs of engines for each increment of improvement. 

• Evaluate costs for improvements to the base line engine (current all-metal engine). This 
included ceramic and metal engines produced at the rate of 6000 engines per month. 

• Calculate life cycle costs to establish the customer benefits for having the improved 
engines at each step in development. 

• Apply selection criteria for establishing work to be accomplished in the development 
program. 

• Plan the program recognizing time, funding, and technical feasibility for accomplishment. 
Allow for iterations in work for ceramic components and for learning methods on design, 
fabrication, and test. 

• EstabUsh program schedule, manpower requirements, costs, and program management. 
The engine cycle and program activity selection criteria were based on the following factors: 

• Applicability to the base line engine 

• Fuel savings accomplished 

• Bisk level for technical accomplishment 

• Costs imposed on customers from engine-related life cycle cost studies (a typical line 
haul truck and a highway bus were used as base line vehicles. ) 

All components selected are applicable to either early or advanced versions of the base line 
engine. Each step recommended shows a fuel saving. The risk level was considered medium 
for all ceramic components except for the turbine rotor blade, vdiich was assessed as high 
risk. The risk level for component efficiencies was considered medium. A recommendation 
for reconsideration of temperature goals is to be exercised in the program as progress is 
achieved. 

The work accomplished under this contract consisted of a rigorous design study to establish 
a program plan for introducing ceramic materials into a current industrial gas turbine engine 
and to obtain improved fuel economy. The balance of this report describes the details of how 
this work was accomplished and of the results obtained. 

Improved fuel economy is bound to have a significant impact on buses and trucks used on United 
States highways. The improved heavy duty gas turbine engine emissions and noise (relative 
to diesel engines) will meet all current and projected regulations. The hours of testing pro- 
posed will begin to establish a viable commercial application of improved components and 
ceramic components. Success with the Cerarnic naaterials applied to the components will es- 
tablish an excellent technology base applicable to other highway passenger oars and vehicles. 
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" BASE-LINE ENGINE 

DESIGN DESCRIPTION 

The Detroit Diesel Allison Model 404 and 505 industrial gas turbine engines, vdiich are currently 
in the latter stages of development, are regenerative, free-turbine-type, heavy duty industrial 
engines* These engines are sized and configured for vehicular, marine and stationary applica- 
tions. Their principal vehicular applications are in line haul (highway) trucks, highway buses, 
and transit coaches. The engine is also suited to off-highway applications, such as lor track- 
laying vehicles, either industrial or military. Typical stationary applications include electric 
generator sets and air compressors. The multifuel capability of the engine is a particularly 
attractive feature for these applications. The two engine models, which have the same frame 
size and are basically identical with respect to mechanical design configuration, have different 
power ratings by virtue of differences in their compressor and turbine aerodynamic capacities. 
Approximately 90% of the parts are common between these two models. 

For this investigation, the Model 404 engine will be used as the base-line engine because its 224 
kW (300 hp) power rating makes it applicable to the line haul truck as well as the highway bus. 
The basic external arrangement of this engine is shown in Figure 1; its basic gas path is shown 
schematically in Figure 2. These illustrations show that the engine consists of a gasifier 
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Figure 1. Base line engine. 
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Figure 2. Engine airflow schematic. 


assembly, a power turbine, a combustor, a regenerator system, a reduction and accessory 
drive gearbox, a power transfer system, and a fuel management system. The primary struc- 
tural frame of the engine is a two-piece cast iron block. Air enters the single-stage, radial 
compressor from an inlet filter and silencer. The air discharging from the impeller flows 
through a vane-type diffuser and is then directed to the regenerator covers at the sides of the 
engine. The compressor discharge air then flows inward through the regenerator disks to the 
combustor. The gases from the combustor are directed to the gasifier turbine nozzle by the 
turbine inlet plenum. After the gas expands through the gasifier turbine, it flows through a 
transition to the power turbine. After expansion through the power turbine, the gases are 
directed outward through the two regenerator disks and then exit from the regenerator covers 
into the exhaust pipes. 

The mechanical general arrangement of this engine is depicted by the cross section drawing 
of Figure 3. The gasifier assembly mounts into the front of the block with the axis of rotor 
rotation on the engine center line. This rotor consists of a single-stage, cast aluminum, 
compressor impeller at the front and a single-stage, axial-flow, gasifier turbine wheel at- 
tached to a common shaft. The rotor is supported by a ball thrust bearing behind the impeller 
and a roller bearing in front of tlie turbine wheel. The two bearings mount into a cast iron 
gasifier support which also houses shaft seals and gasifier lube system components. A vane- 
type compressor diffuser mounts between a cast iron compressor cover and the gasifier sup- 
port. The air-cooled gasifier turbine nozzle is supported and piloted at the aft end of the 
gasifier support. Sheet metal heat sliielding surrounds the gasifier support and also serves to 
duct compressor discharge air to the gasifier turbine nozzle to satisfy cooling requirements 
and shaft seal environment control. 

A single-can-type combustor mounts into tlie top forward section of the block with its axis 
aligned on the engine vertical center line. The combustion gases are directed to the gasifier 
turbine by means of a sheet metal plenum which encircles the gasifier support. The single fuel 
nozzle and igniter are attached to a sheet metal combustor dome. This dome also supports 
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the combustor. Internal surfaces of tliie block, which would be exposed to hot gases and radia- 
tion from tlxe combustor and turbine inlet plenum, are protected by insulation material and 
slieet metal liners. 

The single-stage, axial-flow power turbine, whicli is aligned witli and to die rear of the gasifier 
turbine, consists cif a nozzle assembly supported from die block center buBdiead and a rotor 
supported On two bearings. These twb bearings— a roller bearbig immediately behind iiie iur- ; 
bine wheel and a ball tlirust bearing at the aft end of tlie rotor shaft— are mounted in die for- 
ward case of the gearbox. A sheet metal exhaust diffuser encircles the power turbine rotor 
■''support 'structare. ' 

The regenerator system consists of two metal matrix disks, disk seals, cast iron regenerator 
covers, and a disk drive system. A disk is mounted in each side of the block so that the axis 
of rotation is on the engine transverse horizontal center line. Each disk is supported and 
driven by a sprocket and shaft assembly whicli is supported froni the regenerator covers. 

These sprockets are driven by roller chains whicli are, in turn, driven by sprockets connected 
by shafts to the regenerator drive gearbox at the top center of the engine. The regenerator 
drive gearbox mounts to and is driven from die front case of the main engine gearbox. The 
regenerator covers bolt to die block and direct die compressor discharge airflow from '•be 
block inwai’d dirough the forward portion of the dislcs and direct the turbine e^aust gas out- 
ward dirough die rear portion of die disks to die exliaust pipes, 

Tlie maih engine gearbox contains die reduotion gearing between die power turbine rotor and the 
engine output sliaft and gearing for accessory drives. Tile engine lube pump and related com- 
ponents are assembled in diis gearbox. The engine accessories and the regenerator drive 
system are driven by die gasifier rotor. Other accessories as required for different applica- 
tions can be mounted to die gearbox driven by die power turbine. Also, a simple gear substi- 
tution witliin die gearbox provides a change in output speed and/or a reversal in rotation as 
desired for a particular application. A shaft which attaclies to die rear of the gasifier rotor 
and extends tiirough die power turbine rotor into die gearbox provides the drive from the gasi- 
fier rotor. This shaft is interconnected by suitable gearing to an pil-cooled, oil-pressure- 
modulated, multiple-plate clutch whicdi, in turh, is gear ed to the power turbine rotor. Tliis 
system constitutes the meclianical pbitioh of die power transfer system. When the clutdi is 
fully locked up, the engine operates as a single-sliaft engine. 

The principal components of the fuel management system are an elecfcrohic control, a relay 
box, an electric fliel metering valvb, an electric plutcli- servovalve, a to sensor, a 
compressor inlet temperature sensor, and titermocouples and speed pickups. This system 
provides for automatic sequencing of eilgine Slhrtihg ftocttons, automatic scheduling of fuel 
flow and turbine inlet temperafcre, aiitomaiic programiiiing of power transfer clutch engage- 
ment, road speed governor function, and automatic shutdown protection against abnormal con- 
ditions during starting and operatibh. The system is designed to operate bn Cidier 12- br 24- 
volt d-c power. 
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The engine was sized and configured to meet the performance characteristics, reliability, en- 
durance life, life-cycle cost, maintainability, emissions and competitive production cost re- 
quirements oT the intended applications. 

The engine was designed to have a time between overhaul (TBO) of 7^00 hr in the highway 
truck application, wth the majority; of the parts haying a minimum life of 15,000 hotirs. Design 
criteria with respect to wear rates, oxidation rates, and allowable stress levels were estab- 
lished to be consistent with these goals. A detail description of the components used in the 
base line engine is contained in the appendix. 

PERPORM^CE AND OPERATION 

The industrial gas turbine performance objective is to provide general-purpose engines, com- 
petitive in fuel economy witli other commercially available power sources in the same horse- 
power range, meeting current and projected noise and emission standards. The power rating 
of the base line engine at 224 kW (300 hp) (at SAE standard day conditions) was selected on 
the basis of a variety of applications including trucks, buses, ofjf-highway vehicles, boats, air 
compressors, and generator sets. In many of these applications, the duty cycle is such that 
most of the fuel is consumed at engine throttle settings above 50% power. For this reason, an 
additional requirement is to maintain the sfc vs hp curve as flat as possible between 50% and 
100% power and, with the sfc at 50% power, no more than 8% above that at 100% power. 

The sfc requirements were established to be competitive bn an installed basis vdth diesel 
engines used in tlie same applications. This ruled out nonregeneratiye C 3 ?cles, In addition, 
part-load temperature control must be used to flatten the sfc curve. The wide range of loads 
to be driven also favored the two -shaft approach to match a variety of output rpm ahd torque 
combinations. The simplest configuration meeting these requirements is the low-pressure-ratio 
centrifugal compressor driven by a single-stage gasifier turbine combined with a single-stage 
power turbine. Because of the engine size limitations for truck and bus applicationsi the re- 
generator offered better performance and lower material cost than the recuperator. Table 1 
shows the base line engine cycle parameters at 100% power. This engine has a design point 
sfc of 274 mg/W*h (0.45 Ib/hp-hr). 

The control of turbine temperature is by means of power transfer which consists of a slipping 
clutch to which one Set of plates is geared fo the gasifier shaft and the otoer to the power turbto 
shaft, as shown to Figure 4. Thermocouples at tlie gasifier turbine inlet sense the temperature 
to be controlled by a clbsed -loop system which drives a servovalve modulating the pressure 
appRed to the plates of to slipping clutch, to toe horroal f toge of operatibhi toe retotiV 
speeds are such that tocr easing clutch pressure extracts power from the gasifier shaft, raising 
toe turbine inlet temperature to toe desired level. This power, minus slip losses, is trans- 
ferred to toe output shaft. Turbine inlet iemperatuye is mato^tatoed eonstahf as poivei* is reduced 
untilthe regenerator temperature limit of 774®C (1425°F} is reached. As power is reduced 
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Figure 4. Power transfer. 


TABLE I, BASE-LINE ENGINE MA^MUM POWER CYCLE! PARAMETERS 

Turbine inlet temp eratu^^ 

®C {‘•P) 

1002 (1835) 

Compressor pressure ratio 


4. 00 

;C?ornpressor:airflp*^ : 

kg/s (Ib/sec) 

1.56 (3. 45) 

Gompresspr eMcienoy 


82.4 

Gasifier turbine efficiency 


87.0 - 

Poorer turbine efficiency 

% 

89.7 

Burner efficiency* 

.. . .. ... 

97*6 

Regenerator effectiveness 

% 

88.9 

Regenerator lealiage 

% . 

4.92 

Regenerator inlet temperature 

®C (’P) 

692 (1278) 

TurbiiiLe t otbr cooling 

% ■>-. 

'. 'LYl 

Block and turbine shroud cooling 


■' , 3.66 , .3, ; : 

Gasifier nozzle vane cooling 

: % ' 

1. 00 



;-3L;2L;3^3y;3.^:^;; 

Total pressure loss** . 

v-'...; ,.; %• .: :-.y 


Mechanical loss 

W (hp) 

17. 9 (24. 0) 

Shaft power / . 

W (hp) 

224 ISOO) i 

Specific fuel consum 

mg/‘W*h (Ib/hp-hr) ' 

274 (0.45) 

’*lncludes eydle hea±^ '■ . 3 

**Includes inlet and exhaust loss : 










further, tlie regenerator temperature is maintained at the maximum limit until the gasifier 
reaches idle speed (53%), at which time the clutch is completely disengaged. The clutch is 
also locked up to provide engine braking for downhill operation and for power turbine over- 
speed protection. For geuerator sets, the clutch is disengaged for starting, then locked up 
at rated speed for accurate governing. This method of temperature control also has several 
advantages as a result of the closed-loop system. First, accessory loads applied to the gasi- 
fier do not affect turbine temperature, tims ininimieing changes in Output power and engine life. 
Second, trimming or selection of components on the production line is not requ^ed to maintain 
the desired temperature. Thirdj fouling or deterioration of engine components in service has 
a minimum effect on power and engine life. 

Most of the proposed vehicle applications are in a weight class where vehicle acceleration is 
slow and where an engine idle-tD-maxiinum aeceieration time up to 4 seconds is acceptable. 

This acceleration can be adiieved by disengaging the power transfer clutdi and raising turbine 
temperature about 93“C (200'*F), still under closed loop control. Because of the large heat 
capacity of ;die regenerator system, hiel flow is diut off completely for a deceleiation with the 
tlirottle at idle. This fuel step, however, lowers turbine temperature by only 371®C (YOO^F), 
so the hot section temperature transients tend to be less severe than in most gas turbines al- 
though they are very frequent. 

Performance development has been continuous, and improvements have been demonstrated by 
engine test stand calibrations of instrumented engines. The instrumentation was designed to 
permit the analysis of component performance for verification of test rig results on the sep- 
arate cCmponents; The base line engine demonstrated performance is shbivn in Figure S. Com- 
ponent development is continuing, and improvements will continue to be introduced in logical 
steps as tiie engine matures. These dianges will be in addition to tliose which result from the 
higher temperature capabilities of. ceramics and will be pursued in parallel Wifli tlie ceramics 
program." : V 

Field experience witli base line etigihes lias shown cohhiderable scatter in fiiel economy data 
when tile vdiicles are used by customer personnel in regular Serviee, a result whidi is also 
evident for diesel-powered vehicles. If sudi variables as road speed, vdiicle configuration, 
weighti tires, accessory loads/ idnd veloeiiy, and ainbient temperature are recorded, Ixowever, 
good correlation between measured grid predicted fuel economy can be dbtained. Controlled 
tegts as well as routine operation are important parts of tlie field test progimria tb permit tlie 
evaliigtiori bf fuel: ebbnbmy as w as reliability arid durability. The resribrises of the engine 
and vehicle are 'another important aspect Of field testing which has become an integral part 
of cbntrol system development. In general, the transients experienced during rapid clianges 
from engine braking to maximum pov/er are more s evere in tlie vehicles than during dyna - 
mometer testing and are used to evaluate surge margin. 



VEHICULA.R APPLICATIONS 

...y- 

Two different vehicular applications were used in tlie study program for fuel economy and life 
cycle cost estimates: a Mghway tractor-trailer truck witli a gross vehicle weight of 31, 700 kg 
(70, 000 lb), herein caEed a line haul truck, and a highway bus with a gross vehicle weight of 
IG, 300 kg (36, 000 lb). These vehicles are similar to those powered by base line engines 
during DDAls field test program. In addition, they are similar to production vehicles powered 
by diesel engines of the same power rating as die base line gas turbine. Listed in Table H are 
die pertinent vehicle cliaracteristics for both application, frontal area, tire size, axle ratio, 
and type of transmission, tiiat will be used in the study^ Figure d shows the road load power 
requirements for both vehicles under level-road, steady-speed operating conditions. Shown 
also are die accessory load and drive line loss increments. The accessory loads are higher 
for the bus because of the heavy air conditioning and electrical system loads. Similarly, the 
bus data show higher drive line losses, primarily because a nine-speed manual transmission 
was selected for tlie truck as opposed to a four-speed automatic for the bus. The automatic is 
less efficient, primarily because of the oil pump and oil cooler losses. The automatic trans-r 
mission was selected for the bus because it is becoming die standard configuration in die bus 
industry. The use of the nine-speed manual transmission in the truck data is typical of the 
heavy truck industry aitiiQugh nine fomyard speeds are not required witii a free-tUrbine engine 
because of its inlierent torque characteristics. 

The scheduled xnaintenance during this period is summarized in Table III, These data are 
for a "mature" engine from which all of the early production and engineering deficiencies have 
been worked out. These data will be used in die life cycle cost analysis section of die study 
^'program, V. ^ ■ 
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Line hay I truck 






_ • _ TABI^ II. VEHICIUE GHAEACTERETICS 


Line haul truck 

Intercity Cus 

Gross vehicle Aveight, lig (lb) 

31,700 (70,000) 

16,300 (36.000) 

Frontal area* (ft^) 

9.48 (102) 

6.9(74) 

Tire revolutions per kilometre (mile) 

298 (480) 

3Q9 (497) 


(10 X 22 tires) 

(12. 5 X 22. 5 tires) 

Axle ratio 

4.886 

4.330 

Transmission 

Fuller TR9509A 

AlHsoh HT 740 GT 


(9-speed manual) 

(4-apeed automatic) 


TABLE HI. SCHEDUU3D MAINTENANCE, 

BASE-LINE ENGINE 


Thousand kilometres 

145 

217 

; : 

290 

434 

, 

579 

652 

724 

869 

(Thousand miles) 

(90) 

(135) 

(180) 

(270) 

(360) 

(405) 

(450) 

(540) 

Change igniter 

X 



„^X„, 

X 


X 

X ; 

Clean air cleaner 


X 


, X 


X 


X 

< Change oil 


X 


X 


X 


X 

Change hot seal 




X 




X 

Ghi^ge hielhoaale 




X 




X 

Overhaul 








X 

Change turbine gas path components ; - 






Regenerator components 







Other items as required 









METHOD OP ANALYSIS AND RESULTS 

A study was conducted to identic means of achieving significant reductipn in fUei consumption 
of tlie hase line gas t\irbine engine. It was also of interest in this study to retain or improve 
tlie marketabilify of the engine for appUcation in highway trucks and buses. Therefore, engine 
changes to aoliieve reduced fuel eonstunption cannot significantly increase engine purcliase cost 
and vehi<de operating cost or reduce en^e reliability. The engine modifications must, in 
addition, provide environme».itaily acceptable emissions and noise cliaracteristics, 

BASE LINE performance SENSITIVITY 

In the analysis, a performance sensitivity study of all the engine pex^ormance parameters 
affecting the base line engine was conducted. Input data for tliis prdgrani were determined from 
instrumented engine and component I’ig performance measurements along with some tlieoretical 
data. These parameters, their base line values, and tlieir sensitivities, as determined by 
using a cycle matching computer program, are presented in Table liT; The parametric 
sensitivities shown represent the required change in the parameter basic value which is required 
to produce a cliange in engine specific fuel consumption (sfc). The changes required in tlie 
component efficiencies for tlie compressor* combustor, gasifier turbine, power turbine, and 
regenerator are large compared with the potential technology improvements which can be expected 
in these components witliin the next few yeax's. Therefore, the total engine improvement avail- 
able from technology gain on these components must be only in the ox'der of a few percent in 
engine sfc. 

A/simUar review of the individual parametric pressure losses, leakages and cooling flows, 
power losses, and heat losses produces tlie same conclusion— -i. e. , no substantial gain is 
available fi'om aiQi- single element. 

The sensitivi^ to engine pressure ratio cliange shoxvn indicates tliat a significant I’eductibn in 
engine pressure ratio is required to produce a 1% benefit in engine sfc. The beneficial effect 
of reduced pressure ratio results from ilxe sensitivity of engine sfc to regehei^ator leakage whiclx 
is strongly pressure X'atio dependent. 

It is well IbiPwh tliat gas turbine engines have shoxTO signMcaht redttotioiis iU; sfc as ehgihe cycle 
temperature Is increased. The base line engine parametric sensitiyi^ for temperature change 
is 12“G (22“F). in metal engines, air cooling of metal structures is necessarily required to 
achieve higher cycle temperatures. Engine performance penalties associatjed xvitli ^ cooling 
utiliaatioh rdpidly dMinish tlxe real fuel economy gains acliieyable with increasing engine 
temperature. However, witli tixe view tliat ceramic materials can be evolved aiid applied 
structurally in engine components at temperatures up to approxxma-t^ 137iyG;(250p “P), th^ 
en^e temperafee cliange represents a tx’Uly significant pbtegnti^ for improvemKit in engine sfc. 



TABUB IV. BASE-LINE ENGINE PERFORMANCE PARAMETERS 

AND SENSITIVITIES 


Turbine in!ot temperohjr* “ lOOZ^C (1835®F) 


Specific fuel comumpHon (tfc) = 274 mgA 

V*h <0.45 Ib/tihp-hr) 



Parameter 

Paromoter 

Porameicr 

value 

sDnsltlvIiy*^ 

Component effldondcs* 



Compressor 

82.4 

+0*66 

Combustor 

99.9 

+ 1.00 

Gasifier turbine 

87.0 

-tO.92 

Power turbine 

89.7 

M.32 

Regenerator effectiveness 

89,8 

+0.92 

Pressure losses (AP/P), % 



Inlet t,50 

Regenerator air side 0*18 

Combustor ond turbine Inlet plenum 2*20 



Intcrturblne duct 0*69 

Turbine diffuser 2.75 



Regenerator gets side 3*06 

Exhaust 1.10 

11.56 


Leakage end cooling flow**/ % 



Turbine piston ring leakage 0*17 

Turbine rotor cooling 1.54 



1.71 

-0,62 

Overboard leakage (splitlines 
and moln bearing seals) 
Regenerator leakages/ 5*12% 

1.21 

-0.74 . 

Rim and cressarm cold seal and 



disk carryover 

J.48 

-0,70 

Qossarm hot sect 

U96 

“0.60 

Rim hot seol . . 

1.48 

-1.47 

Air side bypass • 

■•■.■.0*20 ■■■•■•■■:■•■ ■ ■ 

-1.66 ■ 

Inner muff cooling 

1;70 

“1*66 

Block and outer muff cooling 

1*78 

-1.66 

Gasifier turbine nozzle cooling 

1*00 

>1,66 

Power losses/ kW (hp) 



Gasifier driven accessories (Tuel 



pump/ oil pump/ regoneratars) 

6.71 (9.0) 

-2.5 (-3.3) 

Power turbine driyon accessories 

(0.0) 


Gearbox windage and friction 

9.03(12.11) 

-2.3 (-3.0) 

Gasifier moln beorings 

1.28(1.72) 

-2.5 (-3.3) 

Power turbine main bearings 

0.89(1.19) 
17.91 (24.02) 

-2.3 (-3.0) 

Hoot losses/ kW (Btu/riiln) 



Into lubrication system 

5.25 (300) 

-7.12 (-405) 

External . 

10.54(600) 

-7.12 (-405) 

/'/;\HnginQ pressure'ixitio;--,. V. 

'■ 4,0 ■ .■■■■■■ 

V',' -0.34 

Engine cycle temperature/ ®C (®F) 



Tutbme.(rptoF)-inlet ■ 

1002 (1835) 

.■ > 12 (22) 

* Sensitivities shown are the chon^ in the parameter value to produce a 1 *0% reduction In engine bsfc* 

] Values ore percent of supply point airflow 
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This study was conducted based on the extensive use of ceramic components in areas where 
cooled metal components would otherwise be required. It is acknowledged that the ceramics 
technology necessary to satisfy all of the engine requirements for all of the components studied 
is not available today. However, it is felt that the identification of the benefits of ceramics in 
specific applications can focus the rapidly evolving ceramics developments and technology to 
provide for availability within a few years. 

DyiPROVED ENGINE STUDY 

A series of engines of increasing cycle temperature levels were conceived for this study. For 
these engines, the base line engine was used as a starting point; however, the number of 
ceramic components and component desi^ improvements increased as the engine cycle tempera- 
ture was increased. Specific engine temperature levels were selected which corresponded 
with the necessary replacement of the metal components because of life limiting thermal con- 
ditions. The first metal component that becomes life limited and must be replaced by a ceramic 
part is the gasifier nozzle and tip shroud. Without air cooling, it was sho\vn to be life limited 
at the 954 °C (ITSO^P) turbine inlet temperature level of an earlier version of the base line 
engine. All other metal components have acceptable lives up to 1038 °C <1900 ®F) turbine inlet 
temperature. Above 1038 “C (1900®F), ceramic blades must be used in the gasifier rotor. 

The turbine inlet plenum and combustor walls are cooled by regenerated air. Figure 7 shows 
the effect of the engine rating temperature (at turbine inlet) on the regenerated air temperature 
for the design point (maximum power) and the maximiim off-design operating conditions. This 
curve shows that above 1038 “C (1900“F), the metal turbine inlet plenum becomes life limited 
and must be replaced by a ceramic part. Above 1200 “C (2200 "F), the combustor becomes 
limited and must be replaced by a ceramic part. These limiting points are shown as temperature 
ranges in Figure 7 because it is impossible to predict the hot spot temperature and its effect 
on a given component. Figure 8 shows the effect of engine rating temperature on power turbine 
inlet temperature and the associated life limiting points for the power turbine nozzle and rotor, 

A change to ceramic nozzles must be made above 1171 °C (2140 ®F). The single-stage power 
turbine rotor is life limited at the same time and must be replaced by a two-stage design 
(metal rotors) operating at a lower speed to reduce the stress level. Above 1296 °C (2365 “F), 
ceramic blades must be used in the power ttirbine rotors. 

Figure 9 shows the effect of engine rating temperature on turbine exhaust temperature along 
with the exhaust diffuser limiting temperature which occurs above 1135 °C (2075 “F). At this 
rating temperature, however, an improved metal part (better material) will suffice since the 
maximum off-design exhaust temperature of 982“C (1800 °F) will be encountered for only a small 
percentage of the operating cycle. However, as the rating temperature is increased, the 
percentage of operating time spent at the 982®C (1800 ®F) turbine exhaust temperature condition 
will increase, thus requiring a change to a ceramic part. 
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Figure 9. Effect of rating temperature on turbine exhaust temperature. 


To flatten the part-load sfc curve, part-load temperature control is used in the base line 
engine which causes the regenerator hot side gas inlet temperature (turbine exhaust temperature) 
to increase as engine power is reduced. When the regenerator system temperature limit 
(704°C (1425 “P) on the base line engine metal system) is reached, the engine control system 
starts reducing turbine inlet temperature to control the regenerator hot side temperature as 
power is further reduced. As the engine rating temperature is increased, the 704 °C (1425 °P) 
regenerator temperature limit will be encountered at ever increasing power levels. This raises 
the part-load low power sfc. Ceramic regenerator disks and seals will allow operation at higher 
part-load temperatures and are therefore included as an integral part of this analysis. 


Prom the above knowledge of the life limiting temperatures of the various components, five 
engines were selected for the analysis. The cycle temperatures ar«1 ceramic component 
content of these study engines are presented in Table V with the base line engine included for 
reference. In addition, component aerodynamic improvements are incorporated in the comr- 
pressor, gasifier and power turbines, and regenerator system for the 1204 °C (2200 “P) ayd 
1371 ®C (2500 ®P) engine configurations as noted in Table V. The 1002 °C (1835 “P) study engine 
is identical with the base line engine except for the addition of ceramic regenerator disks and 
seals. Engine performance configurations were defined in which engine flows and losses were 
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TABLE V, CERAMIC COMPONENT CONTENT OF STUDY ENGINES 



Base line 


Study Engines 


Engine Cycle Temperature ®C 

1002 

1002 

1038 

1132 

1204 

1371 

("F) 

(1835) 

(1835) 

(1800) 

(2070) 

(2200) 

(2500) 

Regenerator Disk and Seals 

M 

c 

C 

c 

C- 

C=4= 

Gasifier Nozzle and Tip Shroud 

M 

M 

C 

c 

C* 

C* 

Plenum 

M 

M 

M 

C 

C 

C 

Gasifier Rotor Blades 

M 

M 

M 

C 

C'f' 

c* 

Single Stage Power Turbine 

M 

M 

M 

M 



Two Stage Power Turbine Nozzles 





c* 

c* 

Two Stage Power Turbine Blades 






c* 

Exhaust Diffuser 

M 

M 

M 

I 

C 

c 

Combustor 

M 

M 

M 

M 

M 

c 


M " metal component C - ceramic component } 

X " improved metal component ^ - aerodynamic improvements • i 


adjusted in concert with the temperature increases and component improvements to keep engine 
power constant at 224 kW (300 hp). These configurations were evolved in an iterative manner 
to facilitate the proper assignment of efficiencies and losses (flow# pressure, heat, and 
mechanical) as functions of the differing cycle conditions and mass flows* The effects of flow 
size on component efficiency were included* The final study engine performance definitions 
along with component characteristic maps were used to define engine off-design performance 
characteristics and maps. These engine performance maps were then used with the truck and 
coach vehicle characteristics and two typical vehicle routes to define vehicle road load fuel 
consumption characteristics and average route fuel consumption. 

A mechanical configuration concept general arrangement layout was generated for each of the 
study performance configurations to provide a definition of the ceramic components and 
attendant engine changes. Volume production costs were obtained for all of the ceramic and 
metal parts unique to each of the engines. 

Frojection of engine reliability for the study engines proved to be impossible with any useful 
level of confidence* Therefore, the engines were assumed to have equal reliability independent 
of ceramic content or temperature level. 

The engine cost, reliability assumption, and average vehicle mission fuel consumption data 
were utilized in a life cycle cost analysis performed for fleet operation of linehaul hif’ 
trucks and highway buses. 

Noise exhaust emission evaluhiions of the study engine configurations were also performed* 
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Engine Performance 


The performance conflgui’Ctlons for the analysis study engines were evolved in an iterative 
manner to facilitate tlie proper assignment of efficiencies, flows, and losses as functions of 
differing engine cycle conditions and mass flows. 

Since the line haul trucUs and highway buses used in tlio analysis are botli speed and weight 
limited, tliey are, therefore, mmcimum power limited for best fUel economy. It is then necessary 
to reduce engine airflow when increasing turbine Inlet temperatux'e in order to maintain a 
constant maximum rated powei'. Reducing the flow results In decreased compressor and tui'bine 
efficiencies, for a given technology level, as shown In Figure 10, because of running clearance 
and other aerodynamic effects. The two lines shown represent tlie current component teclmology 
and the advanced teclmology expected to be available witliin tlie time frame of tliis program. 

The airflow reduction also has a negative effect on regenerator system and overboard leakages 
since tlioy tend to be constant actual mass flows at a given cycle pressure. Therefore, these 
leakages, expressed as a percentage of tlio cycle flow, will Increase, Teclmology advances 
in tiiQ area of regenerator leakage are expected to bo available witliin tlie time fi'ame of tliis 
program and were included in the porformaiiCQ analysis. 


Compr«»Jor Gtulflor mtbtnn Power tutblna 



I I ■ "T — ^ — : — r- f - I “ r" "" ) ■ i 1 

2.0 3,0 4.0 1.0 1.4 l.a 2.5 3.0 3.5 4.0 

dVsOc) 


Figure 10. Effect of siae on component efficiency. 
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A si^iflcunt improvement in regenerator effectiveness will result from Ute airflow reduction* 
ns shown in Figure 11, This improvement is a result of the increase in tlje heat transfer 
coefficient in passages. Lines are slio\vn for the base line metal regenerators* tiie 0,008~mm 
(O.bOS hi. ) tlUn-waU alumina silicate ceramic regenerators and an advanced technology ceramic 
regenoi'ator. This curve also shOAvs the significant benefits of using ceramic regenerators, 
doi'ived primarily from the lower conduction losses witli ceramic materials, 

Anollier benefit of reducing tlie airflow is a reduction In' cycle pressure losses for a given 
physical siae ongino (ducting, regenerator, etc). Some of this benefit Avill be Ipst* however, 
as gas temperatures increase. These effects are included in the pertbrmanoB analysis. 

Table VI shows the cycle pax'amoters at tlxe maximum power rating |]224 kW (3Q0 hp)J of the 
base line and study engines determined at 29®C (fiS^P) and 152 m (600 tt) ambient conditions. 
Also shown is tile maxhnum part load regenerator hot side temperature. The compressor, 
gasifier turbine, and power turbine perfox'mance characteristics for tlie 1038 ®C (1900 "F) 
engine are the same as for tile base line engine. The component chai'acterlstics for tlie thin- 
wall alumina silicate ceramic regenerator Avere also used in tliis engine. The base line com- 
pressor, gasifier turbine, and power turbine cliaracteristics Avere flow scaled for sise effects 
for the llS2'*C (2070°F) engine. The tlAin-Avall alximina silicate ceramic regenerator cliaraotor- 
istlcs were adjusted for airflow effects. 



1,0 1,5 2.0 2.5 3.0 3.5 

(Ib/soc) 


Figure 11. Effect of airflow on regeherator effeetiveness. 
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For the 1204‘’C (2200^F) and 1371 “C (2300 “P) engiiles, the base line compressor performance 
cliaracterlstics were scaled to tlie advanced technology levels shown in Figure 10. A hew* 
advanced-technology* single-stage ^sifier turbine and a two-stage power turbine are introduced 
and scaled for flow size effects. Other technology advancements in these engines include; 

# Heduced heat rejection (shown as burner efficiency) 

* Reduced overboard leafege 

• Reduced meclianiCal losses 

• hicreaaed regenerator effectiveness (per Figure 11) through increased frontal area, 
improved flow distribution, or advanced technology in matrix design 

Maximum-power specific fuel consumption is shown in Figime 12 for the base line and the five 
study engines. The discontinuity in the sfc curve shbtva in Figure 12 between the 1132 “C (2070 “F) 
and the 1204 ®C (2200 ®F) engines is the result of the incorporatioh of advanced-technology com- 
ponents. Of the 11. 6% sfc improvement between the two engines, 3. 9 percentage points are 
attributable to the 72'*C fl30®F) increase in cycle temperature and the other 7. 7 percentage 
points to the advanced-technology components. Figure 12 also sliows a diminishing improve- 
ment in sfc as temperature is increased fi'om 1204 “C (2200‘*F) to 1371 "C (2500®F), As noted 
in Table VI, the 1204 ®C (2200 ®F) engine shows a 20. 7% sfc improvement Over the base line 
engine while the 1371 ®C (2500 ®F) engiue has an improvement of 23.5%. 



The base line engine performance sensitivities indicated that the specific fuel consumption is 
improved as cycle pressure ratio is reduced. However, this trend is reversed at higher cycle 
temperatures, as shown in Figure 13, which is a plot of sfc versus pressure ratio for fee 
1371 (2500 ’’P) engine. For this engine, fee optimum pressure ratio is 4. 7. The benefit 

is small, however— less than a 1% improvement. 

The part -power sfc of the engines is shoiiVn in Figure 14. The part-power sfc improvement of 
the 1002 “C (1835 ®F) study engine (base line engine wife ceramic regenei'ators) is caused by the 
increased hot-aide temperature limit of the ceramic regenerator 982 “C (1800 **F) versus 774 
(1425“F) for fee base line metal regenerator . Part-power sfc improvements similar to the 
maximum power improvements are sustained for the 1038, 1132, and 1204 “C (1900, 2070, 
and 2200 ^F) engines. The part-power performance of the 1371 °C (2500 •’F) engine approaches 
the 1204 °C (2200 ®F) performance levels at approximately 50% power because of the reduction 
of turbine inlet temperature required to nlainiain the 982®C (1800 ®F) temperatui’e limit at the 
regenerator hot- side inlet. 

Full engine performance maps showing fuel flow over fee full power range at various output 
shaft speeds for the base line and study engines are shown in Appendix B, as are performance 
maps for the advanced -teclmology gasifier and power turbine used in this analysis. A staiion- 
by-station tabulation of the cycle parameters at 100% and 50% power and idle for the base line 
and study engines is also given in the appendix. 

In summary, significant sfc improvements (20% or better) over fee full usable engine power 
range are _possible by increases in turbine inlet temperature, through fee use of ceramic com- 
ponents, and by improved efficiencies ferou^ the use of advanced technology components. 



Figure 13. Effect of compressor pressure ratio oh sfc— 1371'’C (2500®F) engine. 
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Figure 14. SFC vs power. 


However, only three additional percentage points of sfc improvement are achieved by increasing 
the temperature from lS04®C (2200 ®F) to 1371 ®C (2500 ®F). and this improvement is not sustained 

at part power because of the 982; ®C (1800 “F) regenerator temperaltire limit. 


Vehicle Simulation 

Vehicle fuel consumption was determined for the line haul truck and intercity bus, using tlae 
base line and study engine performance estimates. The vehiole characteristics and road load 
power requirements are discussed in the ’’Base Line Hnghie" section of this report (ref Table 
n and Figure 6 ); A vehicle /route simulation computer program was used to predict vehicle 
performance. Input to the program includes vehicle characteristics (vehicle aerodynamics, 
eh^e, transmission, and driveline) and the route profile versus time (sWts/ stops, speed 
limits, and grades). Two routes were selected: 

• Chicago to Boston (Interstates 80 and 90)— 1626. 2 km (1010. 5 miles) rolling terrain, eight 



• Los Angeles to Salt Lake City (1962 Trailways Bus Route) — 1176 km (731 miles) 
mountainous terrain, 89 starts /stops. 

A maximum speed limit of 96 lon/h (60 mph) was imposed on eacli route. 


Tables VII and VIU show tabulated percent time at engine speed and net torque for each vehicle 
and route. These distributions reflect tlie differing power demands and operating requirements 
of the vehicles. 


Average predicted fuel consumption is shown in Table IX and is plotted against turbine inlet 
temperature in Figure 15. As expected, these data show a significant improvement in vehicle 
fuel economy as the cycle temperature and the aerodynamic component technology level is increased. 

The effect of axle ratio was investigated (Table X), using the 1371 “C (2500"F) study engine for 
both the truck and bus vehicles. The effects were found to be negligible with the base line 
ratios selected being optimum. 

Curves showing the level road fiiel consumption against Vehicle speed along with the average 
fuel consmnption and route speed are shown in Appendix B for both vehicles and routes for using 
the base line and the five study engines. 

Figure 16 shows the total fuel savings, compared with the base line engine, for both vehicles 
for the average route based on an 805 000-km {500, 000 -mile) engine life. 

Gas turbine engines are sensitive to ambient inlet conditions, and the data presented herein 
are for 29 ®C {85 ®F) and 152-m (500 ft) altitude (SAE rating conditions). The following data are 
shown to illustrate this sensitivity to inlet conditions and to quantify the realistic improvement 
the turbine offers relative to data shown in this study. These data at 16 “C (60 “P), sea level 
inlet conditions were not used to impact recommendations or conclusions from the study program. 
Figure 17 shows tliat lower temperatures produce lower specific fuel consumption values. 

Altitude has little effect on sfc. The increase in sfc below 4"C (40 “F) is caused by the reduction 
in turbine inlet temperature needed to avoid compressor surge. The average ambient tempera- 
ture in the United States is 13 “C (56 ®P) (Ref 1), At this condition, sfc is reduced approximately 
5% from tlie SAB rating conditions. 

Vehicle performance for tlie base line and study engine configurations calculated at 16”C (60 ®F), 
sea level, ambient conditions is presented in Table XI and Figure 18 for comparison with tlie 
29 “C (85 ®P), 152-m (500-ft) inlet condition. Table XII shows a percentage improvement for tlie 
line haul truck and intercity bus installations. 

Study Engine Configuration 

General arrangement layout drawings were made to identify the ceramic components and additional 
engine changes (not requiring ceramic components) associated with each of tlie analysis study 
engines [lOSS’C (1900 “F), 1132“C (2070 “F), 1204 "C (2200 "P), 1371 “C (2500 <»P) cycle tempera- 
tures] . The unique parts for eacli of these en^es were defined in sufficient detail to evaluate 
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TABLE Vni. PERCENT TIME AT ENGINE SPEED AND TORQUE— INTERCITY BUS 


ENGINE SPEED (RPM 


600 800 1000 


1600 

1800 

2000 

2200 1 2400 

2600 

2800 


ENGINE 
TORQUE 
N-m (ib ft) 

LOS ANGELES TO SALT LAKE CITY 


1356 (1000) * 



0.01 

0.02 

<0,01 




1085 ( 800) " 


<0.01 

0.23 

0.05 

0.08 

0.09 


0.32 

813 ( 600) " 








0.18 

542 ( 400) ‘ 






0.21 


0.33 

m ( ioaiT 


“^"o.oi 


0.03 

0.06 

0.26 


2.90~ 

0 


* 0.68 


0.48 

0.19 


1.12 


<0.01 


I -542 (-400) 


CH GAGO TO BOSTON 


0.06 <0.01 


^ 271 ( 200) J 

: 0 ■ j 

i -271 (-200) J 
I ^42 '(-^00) j 


<0.01 I <0.01 i 0.02 J 0.77 


0.38 


0.09 0. 


1.15 0.95 0.05 


0.19 











































TABLE K. VEHICLE FUEL CONSUMPTION 



Fuel Consumption— km /l (rapg) 


Los Angeles to 

Chicago 

Average 

Average 

Vehicle and Engine 

Salt Latte City 

to Boston 

Route 

Improvement 

Line Haul Truck— 4* 886 Axle Ratio 





Base Line 1Q02“C {1835**^ Engine 

1, 47 (3, 45) 

1.84 (3. 85) 

1.55 (3,65) 



Base Line Engine With Ceramic Regenerators 

1. S3 (3. SO) 

1.6B (3.95) 

1. 57 (3. 69) 

i. 1% 

1038®C (1900»F> Engine 

1. 59 (3. 75) 

1.74 (4.10) 

1.67 (3*94) 

7. 9% 

1132 “C (2070 »F) Engine 

1.68 (3.95) 

1.83 (4.30) 

1.76 (4, 16) 

13. 7% 

X204«C (2200'F> Engine 

1.91 (4.50) 

2,06 (4.85) 

2.00 (4,70) 

28.8% 

1371"C (2500*F) Engine 

1.98 (4.65) 

2.12(5.00) 

2.05 (4. 82) 

32. 0% 

Intercity Bus— 4. 330 Axle Batlo 





Base Line 1Q02“C (1B35‘*F) Engine 

1.64 (3.85) 

1. 76 (4.15) 

1.70 (4.01) 


Base Line Engine With Ceramic Regenerators 

1. 70 (4. 00) 

1. 78 (4. 20) 

1.75 (4.12) 

2.7% 

1038"C (1900®F) Engine 

1.78 (4.20) 

1,87 (4.40) 

1.82 (4.28) 

6.7% 

1132“C (2070®F) Engine 

1.85 (4.35) 

1.95 (4.60) 

1.91 (4. 49) 

12. 0% 

1204'^C (2200®F) Engine 

2.12 (5.00) 

2.19(5.15) 

2.16(5.09) 

26, 9% 

1371®C (2500°F) Engine 

2, 17 (5. 10) 

2,23 (5,25) 

2.20(5,17) 

28. 9% 

NOTE: SAE STD Day Engine Performance 


O Los Angeles to Salt lake City 

A Chicago to Boston 

Note: SAE std day engine pertormanco 


Lino haul truck 


2 . 4 - 

^ 2.2 ■ 
2 . 0 - 
J 1.8- 

I 1.6- 

i 1.4- 


30% — 
ImprovemanP 
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Intercity bus 
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Figure 15. Improvement in fuel economy with increasing temperature. 
















TABLE X, EFFECT OF AXLE RATIQ_ON. FUEL CONSUMPTION 
[1371 ®C (2500“F) Study Engine] 


Vehicle 


Line Haul Truck 


Intercity Bub 


Los Angeles to 
Salt Lake City 


Chicago to 
Boston 




Average 

Fuel 

Average 

Fuel 

Axle 

Ratio 

Speed 

Consumption 

Speed 

Con sumption 

Ratio 

%A 

km/h (mph) 

km/1 (mpg) 

km/h (mph) 

km/£ (mpg) 

4. G25 

-5.3 

74 (46) 

1. 95 (4, 59) 

93 (53) 

2. 10 (4. 94) 

^4.886 

0.0 

74 (4G) 

1.98 (4.85) 

93 (58) 

2. 12 (5. 00) 

5,290 

+8,3 

74 (46) 

1.95 (4.G0) 

93 (58) 

2. 11 (4.97) 

5. 570 

+14.0 

74 (46) 

1. 93 (4. 54) 

93 (58) 

2.00 (4.01) 

4, no 

-5,1 

80 (50) 

2.13 (5.02) 

95 (59) 

2. 23 (5. 24) 

*4, 330 

0.0 

80 (50) 

2. 17 (5, 10) 

95 (59) 

2. 23 (5. 25) 

4.625 

+6.8 

80 (50) 

2. 15 (5. 06) 

95 (59) 

2. 23 (5,25) 

4.880 

+12. 7 

80 (50) 

2.15 (5.05) 

95 (59) 

2. 22 (5.23) 


*This Ajtle Ratio Was Used As A Base Line. 


151 416 j 
•(40,000)j 


i 113S62 
^ (30,000) 


a 75708 

•S (20,000) 


.37 854 

( 10 , 000 ) 


Avira^e oF L.A* to Salt Lako Oty and Chicago to Boston Rootis 
Bose line engine usest 

For truck — 518d01 fitr&s (137,000 gallons) 

For bus — 473176 litres (125,000 galfom) 





1037‘^C 

(1900T) 

Engine slae — 223 kW 
(300 hp) 


1 132^C 
(2070^) 


1204<»C 

(2200*F) 


1371^C 

(2500T=) 


Engine ltfa-^804672 klfometres 
(500,000 miles) 


Figure 16. Fuel savings of study engines. 


33 




TABLE XI. VEHICLE FUEL CONSUMPTION AT 16®C (60«F) AMBIENT 


FUEL. CONSUMPTION— km/£ (mpg) 


Los Angeles to 


Vehicle and Engine 


Chicago to 
Boston 


Composite 


Line Haul Truck 



! 

Base Line 1002 'C (1835 “F) Engine 

1. 81 (3. 78) 

1.09 (3.97) 

1,65 (3.89) 

1 

Base Line Engine & Ceramic Regenerators 

1.63 (3,34) 

i 1,74 (4.09) 

1.69 (3.98) 

1038 "C (1900*F) Engine 

1.71 (4.02) 

1.80(4.23) 

1.76 (4.14) 

1132*'C (2070“F} Engine 

1.82 (4.28) 

1.89 (4,45) 

LB6 (4,38) 

1204*C {2200°F) Engine 

1.99 (4.67) 

2. 13 (5.01) 

2.07 (4.86) 

ISVl'C (2500'’F) Engine 

2. 03 (4. 77) 

2. IS (5.08) 

2, 10 (4.95) 

Intercity Bus 1 




Base Line 1002»C <183S°Fi Engine 

1.69 (3.98) 

1,81 (4.26) 

1 

1.76 (4. 14) 

Base Line Engine & Ceramic Regenerators | 

1.77 (4.17) 

1.86 (4.37) 

1. 82 (4. 28) 

loaaoc (1900 “F) Engine 

1.83 (4.30) 

1.92 (4.52) 

1.88 (4.42) 

1I32-C (2070«F) Engine ' 

1,90 (4.48) 

2.02 (4,75) 

1.97 (4.63) 

1204 °C (2200 °F) Engine ! 

2,18 (5.13) ' 

2.24 (5.28) 

2. 22 (5. 22) 

1371“C (2900“F) Engine 

2,19 (5.16) 

2.27 (5,33) 

2. 24 (5.26) 


1524 m (5000 ft) 
‘762 m (2500 ft) 

-152 ra (500 ft) 


\52 m (500 ft) pressure altitude 
762 m (2500 ft) 
1524 m (5000 ft)* 


SAE rahng 


Avg U*S, 
temperature 


Ambient temperature—*^ 


Figure 17. Effects of ambient conditions on base line engine sfc 















O Iw Angeles to Salt Lake City 
A Chicago to Boston 



Figure 18. Improvement in fuel economy with temperature at 16“C (60“F) ambient. 


TABLE Xn. AMBIENT EFFECT ON VEHICLE FUEL CONSUMPTION 
[*SAE to i6^C (60®F) ambient inlet cdmpar is oii^ 

Composite Route Simulation 


% Improvement 

Engine 

Truck 

Bus 

Base Line 1002°C {1835 “F) Engine 

6.4% 

3.5% 

Base Line Engine With Ceramic Regenerators 

7.6% 

4. 0% 

1P38“C (1900 “F) Engine 

5.4% 

3.3% : 

1132 "C {2070 “F) Engine 

5.7% 

3.1% 

1204 °C (2200 “F) Engine 

3. 5% 

2.8% 

13 71 ®G (2500 -F) Engine 

2.4% 



probable volume cost and development effects.. Parts lists were then prepared to identiify the 
specific changes which each engine would require from the base line engine. Additional 
descriptions of the engines/ components* and parts are giv^ in the ’'program Plan" and 
"Technical Approach" sections. 





l0^fl°C (I900*»F) EnRine Coniinttt‘aUon 

The general arranjjemQnt layout and port munibors for the tm'blno for the 1080 ®C (1000 “F) engine 
are shown In Figure 10. The concept adopted for the gasifier turhitie noBsjlo uses individual 
ceramic vanes (- 1) with integi'nl end platforms which form tlio flow potti inner and outer walls. 

The individual vanes are located between a continuous ceramic ring (-3) on tlie inner diameter 
and the continuous ceramic tip shroud ring (-2) on the outer diameter. The approach attempts 
to diminish tlie individual ceramic part sieo, complesityt and thermally introduced stress. 

This assembly of vanes and I'ings is centered from a tang/ slot pattern whlcli centers the tip 
shroud indirectly from tlie enghie block. Each of tlie individual vanes is keyed at die leading 
edge of tlie imior and outoi* platforms to an embossed sheet metal plate whicli provides tlie proper 
circmnferentlal spacing to the vanes and reacts the vrnie tangential aerodynamic loads. The 
vane asial aerodynamic and preBsuro loads are reacted from tlie vanes to tlie oeramlc iniier 
and outer bonthiuous rings. The rings coiitact a oontiiiuous surface on metal pai'tsf- IS and -8) 
to acQommodate bptli die load reaction and aiid sealing. The metal part (-18) whicli effects dlls 
axial location function at die vane ontei' platform can bo shimnied (-15) to Onauro tiiat tlio proper 
vane Inner and outer platform axial relationship is maintained. 

The gaBiflor turbiiio tip aliroud (-2) defined in Figure 19 is a obmpledi ring of I'clatlvoly simple 
section shape. It incorporates slots to engage on the centering tangs of die supporting metal 
parts (-13) and a low density ceramic on die boro to provide an abradable material for rubbing 
tlie gai’lfier turbme rotor blades. 

This engine bioorporates ceramic diin wall regenex'ator disks and utilissos an engine block in 
which die cross-arm members are flat rattier dian contoured as is required to accommodate 
die thermally induced deflection of the metal regenerator, 

1182°C (a070°F) IShigine Configarati^ 

The burner and turbine general ari'angement for die 1133 *C (2070®F) onghie is presented in 
Figure 20. This engine incorporates the same ceramio gasifier turbhie nbUBle and tip shroud 
concept described previously but also has a ceramic turbine inlet plomun and ceramic gasifier 
turbine rotor blades. The ceramic plenum Is configured in diroo parts (-16. -17, -18) to faciUtato 
witlidrawal of a pai’t or patterns from easting or molding tooling and also to diminish die pni't- 
induoed diermal stresses. The diree parts consist of a forwax'd element (-17). a rear element 
(-18), and die center hub (-16). The parting surfaces between tiiese elenionta are defined as 
simple planes to facilitate finishing to a dat cbhditioh. The bbntactlbads induced bo 
plenvun oloments by dip engine combustor pressure drop are aupplompnted by sheet metal details 
whicli clamp die elements togodier. The plenum is loaded into pontaot widi die gasifier noaale 
outer platform by a metallic wave spring (r92) prcwidbd at die plenum hub, A berandb 
ring (-23) at die plenum outlet diameter prevents bypass leakage of regenerated air past die 
combustor, A similar sealing function is provided at die hub by metal details (-27, -28). The 
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Figure 19. TurMue general arrougeiuent Xor 1088'^C (1900*F) study engine 













ceramic turbine blade (-15) uses d relatively conventional platform and stalk configuration with 
a single lug dovetail. The stalk and dovetail are aligned witli the airfoil to minimize induced 
bending from centrifugal effects. The turbine blades are retained axially in the \vheel by 
segmented ring elements at both the forward (-26) and rear (-24) wheel faces. These elements 
are retained to the wheel by a coned pilot surface and by rivets (-25), The segmented ring 
elements also seal the cavities between blades to prevent flow leakage under the blade platforms. 

Several turbine section metal parts are reconfigured to facilitate location or sealing of the 
ceramic components. 


The combustor liner mounting at tlie fuel nozzle is modified .to provide flexibility which permits 
tlie combustion liner to engage the plenum without significant loads from misalignment. 



The combustor outlet gas conditions for this engine exceed the engine thermocouple capability; 
therefore, tlie'engine control logic is modified to schedule fuel flow using temperatures 
sensed at tlie regenerated exit (cpnibustor inlet) ; tod turbine outlet statio^^ 


The engine includes the aforementioned ceramic thin-wall regenerator disks with associated 
seals tod block contour 


1204 °e (2200 °F) Engine Configuration 

^ The burner and turbine general arrangement for the 1204®C (2200 °F) engine is shown in Figure 

21. This engine incorporates a new tyrbine flow, path of reduced diameter to reflect the engine 
mass flow reduction to maintdin power output constant. In addition, the power turbine is changed 
to a t^vo-stage configuration to increase efficiency and reduce the blade stress levels by operation 
at reduced power turbine rotor speed. The two -stage power turbine, also elimma^tes tlie ihter- 
turbihe duct arid the associated pressiine loss. A inetal prechamber combustor is shown as a 
part of this en^e configuration. Efficiency increases are also specified for the compressor 
tod gasifier turbines. 

The general configuration and oonstructibn of the ceramic gasifier turbine nozzle, gasifier tur- 
bine tip shroud, turbine inlet plenum, and gasifier turbine rotor blades are the same as those 
in the 1204 **0; (2070 “F) engine previously discussed. 

This engine incorporates ceramic nozzles in both power turbine stages. Individual vanes (-63, 
with inte^al hub tod tip plafiorims are Used in these in a manner 

: simfito to the gasfiier vtoes. The vane hub platforms engage to annular charnel in a continuous 

j ceramic ring (-38 and -48) which forms the inner btod tod effects tlie stator-to-rotor seal, 

;| a Ipw-derisity coating ^ inner diameter to reduce abrasion 

on tlie rotor seal Imives. Six of the vanes (-64 and -61) in each of the stages incorporate a 





cylindrical projection at tlae hub end which engages a hole in the inner ring to provide- a ring 
antirotation feature. The axial fit of the vane hub platforms into the inner ring annuls i* channel 
controls tlie twist displacement of the vanes about tlieir axis. The vane tip platforms are 
trapped at assembly between continuous ceramic rings (-65 and -62, -62 and -3), 

A tang on each of the vane outer platforms engages slots in tiie outer continuous rings to provide 
circumferential spacing and react tlie vane row aerodynamic torque. The radial dimensional 
fit of the vanes, outer rings, and inner rings controls the vane radial position and tlie relative 
axial position of the inner ring to the outer rings. Circumferentially continuous surfaces are 
provided on the outer rings to react tlie vane aerodynamic axial loads and to provide seal lands 
to prevent vane bypass leakage. The outer rings are centered through a key/slot pattern to 
metal members which are supported from the engine block bulkhead. 

Stationary shroud rings are proxdded over ilie power turbine rotors as an integral part of the 
power timbine vane outer rings. 

The cersimic turbine exhaust dif^ser consists of contoured inner wall (-52), outer wall (-57) 
and two sputters (-53 and -54) which are all surfaces of revolution except for tlieir mounting 
features. The splitters and iimer wall are all located radially from tlie outer wall by six sets 
of rods and spacers (-55, -70, -67, -68). The six ceramic rods (-55) engage axial holes in the 
outer wall (-57) to provide a slip fit for assembly. The inner wall (-52) is retained axially and 
oriented circumferentially by sheet metal details (-49 and -50) at its forward flange. The 
diffuser outer wall is located botli radially and axially from a set of radial pins (-58) through 
a flange (-59) mounted on the engine block. 

Thin -wall ceramic regenerator disks are used witli tliis engine with increased effectiveness be- 
cause of improved matrix geometry and/or increased frontal area with improved flow dis- 
tribution. Reduced leakage is also asMmed. 

The control clianges Identified for the 1132 (2070 ®P) engine are also used with this engine. 
Improved insulation is required to protect the engine block against the higher cavity temperatures 
and tlie block cross-arm construction is modified to isolate tlie cross-arm thermal growth from 
constraint by tlie block. 

1371 °C (2500 ‘*F) Engine Configuration 

The general arrangement for the turbine and combustor sections of the 1371 “C (2600 “F> engtrfa 
is presented in Figure 22. This irgbie incorporates the same flow path as the 1204°C (2£00”F) 
engine, and the configuration and consfrucUoii of the gasifier turbine ndzEle, gasifier tip shroud, 
plenum, gasifier turbine rotor, power turbine noEales and tip shrouds, and turbine exhaust 
diffuser are also similar. The 1371 “C (2500 *’F) engine, in addition, incorporates ceramic 
power turbine rotor blades and a ceramic combustor. 



The ceramic blades (-42 and r56) in both of the power turbine stages provide an integral platform 
at the airfoil hub, a stalk transition section, and a single lug dovetail. The blade dovetails are 
aligned with the airfoil to minimize bending stresses induced by centrifugal loading. The blades 
are retained axially in the turbine wheels by flanged cover plates and seal plates (-39, -47, -43 
and -51) which are piloted to the turbine wheels and retained by the power turbine rotor assembly 
bolts (-40 and -41), 

The ceramic combustor comprises a series of cylindrical shells (-72, -73, -76, -79) to 
restrict the axial temperature difference occurring in any one part. A separate ceramic ring 
(-87) is incorporated at the exit of the prechamber section where high local heat transfer can 
occur, (Thermal isolation of the combustor dilution holes may similarly be required. ) The 
combustor cylindrical sections are joined using sheet metal bands (-75, -77) which impose a 
slight clamping effect in addition to the small compressive load which exists because of the 
operating combustor drop. The prechamber dome (-84) is also a ceramic cylindrical section 
which is located by a sheet metal sheel (-82) that supports the metal swirl vane assembly (-80, 
-81, -82, -83, -85), The swirl vane assembly is sealed at the prechamber outer wall (-79), 
using a ceramic seal ring (-86), The combustor Is located by engagement with the turbine inlet 
plenum and the prechamber swirl assembly. The prechamber swirl assembly clamps to the 
combustor cover in conjunction with the fuel nozzle assembly. 

The improved compressor, gasifier turbine, and regenerator characteristics are retained from 
the 1204 “C (2200 ®F) engine, as is the control logic. 

Noise 


Exterior sound level tests were performed in 1971 and 1976 to compare diesel and gas turbine- 
powered intercity buses. The tests were conducted in accordance with the SAE J 366 procedure 
for acceleration and deceleration operating modes below 57 Icm/h (35 mph). The specified test 
site layout is shown in Figure 23. The test results are presented in Table XHI as "A" scale 
weighted sound pressure levels. The turbine -powered bus in both acceleration test series has 
produced sound levels diminished by at least 5 dB from those of the diesel. The deceleration 
test series results have been about equivalent for the turbine and diesel. The turbine-powered 
bus currently satisfies the 80-dBA limits proposed for 1978 by the California Standards and 
proposed for 1980 by the Federal Standards. The diesel-powered bus value of 85, 3 exceeds 
the current California Standard of 83 dBA. 

The base line engine has three sources of noise: compressor inlet, exhaust, and the gear case. 
The use of inlet air cleaners greatly attenuates noise originating from the compressor. The 
remaining engine noise is believed to be primarily exhaust related. Exhaust noise is the product 
of three components; combustion noise, turbine noise, and jet or pipe flow noise. Turbine 
noise occurs at the rotor blade passage frequency which (for the base line engine) is well above 
the audible range. Jet or pipe flow noise will decrease because the engine exhaust velocity will 
decrease from 66. 1 m/s (217 ft/sec) to 32.3 m/s (106 ft/aec) for the ISTl^C (2500“F) engine. 
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Note: Test layout for heavy trucks and buses per SAE J366 
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Figure 23, Exterior sound level test site layout. 


TABLE XEI. EXtERNAL_NOISE COMPARISON, DIESEL- AND 

turbine'-powered bus 



t, : - ^ ^ 1971 Tests 

[ — 

j .. 1976 Tests ' 

Engine 

Diesel 8V-71 

Turbine 404*- 1 

Diesel 8V-71 

TOTbine 404-3 

Coach Model 

Challenger MC-7 

Challenger MC-7 

Challenger MC-7 

Turboliner MC-7 

Transmission • 

AUisonHT 740 

AUison HT 740 GT 

Spicer 4 Spd 

Allison HT 740 CT 


Average Sound Pressure Levels - db 
”A" Scale Weiglited 


SAE J3G6 OperatiPTi 

Acceleration 
' Leftside 
Sight Side 


84 : 
80 


79 85.3 

77.5 82.5 


75.5 
76.9 ^ 


Deceleration 


Leftside 7B 

Eight Side- 76 


75 

75 


78*8 . 76.1 

76.8 77.4 


















Combustion noise will also decrease as the turbine inlet temperature is increased* This is 
based on the use of three combustion noise prediction models, the results of which are shown 
in Figure 24. These data are based on a 954 “G (1750 ®F) turbine inlet temperature because the 
engines used in the intercity bus sound level tests were earlier versions of the base line engine 
and were rated at that temperature. Except for the turbomachinery flow size and cooling, these 
earlier engines are nearly identical with the current base line engine, A reduction in combustion 
noise of 4 to 9 dB is predicted (depending on which model is used) for the 1371 (2500 **F) 

engine. This projection is consistent with DDA experience where engine cycle developments 
leading to reduced fuel consumption have also reduced engine exhaust noise* The predicted 
reduction is shown as an incremental reduction in soimd power level* Because the combustion 
noise spectra have been shown to be essentially constant (refer to NASA TM X71627), the 
reduction in combustion sound power will translate directly to a reduction on the ”A" weighted 
scale* Vehicle noise, however, will probably show a lesser reduction because otlier vehicle 
noise sources will provide a noise floor which will mask the fuU effect of lower engine exhaust 
noise. 

Three combustion noise prediction models were used in this study* The methods recommended 
by the NASA Aircraft Noise Prediction Program (ANOPP) and proposed by the SAE A21 
Committee for Aircraft Noise are identical in form except for the inclusion of a turbine attenua- 
tion term in the A 21 method, which accounts for the lower noise predicted by the A 21 method 
as compared with the ANOPP method* The third prediction model was developed for the FAA 
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Figure 24. Effect of increasing cycle temperature on Kdiaust noise. 


under contract DOT -FA75~WA -3663, This model attempts to describe the combustion noise 
generation process in a more theoretical and rigorous way than the ANOP or A 21 methods. 
Attenuation through the regenerator is not included in any of the models used. However, this 
attenuation should be constant at all cycle temperatures because the regenerator represents 
a constant insertion loss. 

Emission Analysis of 6tudy Engines 

An analysis was performed to predict the emission characteristics of the study engines. The 
program goals require maintenance of emission levels within known and projected legal require- 
ments, The existing standard most applicable to the gas turbine would be the Heavy Duly Engine/ 
Vehicle emission control requirement for diesel on-highway vehicles. For 1977, these standards 


are as follows: 

1977 

• 

Constituent, 

mg/W- h Cg/hp-h) 


Standard 

HC 

CO 

NOx 

HC+NOx 

Federal 

. . 

54 (40) 

■ — - . ^ 

21.4 (16.0) 

California 

1.3 (1.0) 

33 (25) 

10(7.5) 

6.7 (5,0) (Optional) 

At a public hearing on October 5, 

1976, the California Air Resources Board passed the follow 

ing standards for heavy-duty diesel engines used in highway vehicles; 


Model Year 

Effective 

HC'i' 

CO 

NOx 

HC + NOx 

1979 

2.0 (1.5) 

33 (25) 

10 (7.5) 

6.7 (5.0) (Optional) 

1980 

1.3 (1.0) 

33 (25) 

— 

8.0 (6. 0) 

1983 

0.7 (0.5) 

33 (25) 

— 

6.0 (4. 5) 


^Measured with flame ionization analyzer. 


Wew Federal standards for heavy du'^ diesel engines are also being considered for 1978, The 
proposed new rules set emission levels as follows; 

HC CO HC + NO^ 

2.0 (1.5) ■ 33 (25.0) 13.4 (10.0) 

Projected standards are very difficult to predict and are sometimes postponed because of other 
considerations, such as new instrumentation base lines, cost, and fuel economy trade-offs, J'or 
this reason, it is advisable to concentrate our attention to the 1980 California emissions levels 
when estimating the point in time when conibustor development may be required. It is also 
recognized tliat the 1983 California standards will require additional combitstor development. 



Gaseous pollutant emissions were predicted for the advanced models of the diffusion flame 
combustor. The emissions were predicted as a function of combustor geometry and inlet 
conditions by means of a "characteristics time model" developed at Purdue University under 
the direction of Professor A.M, Mellor. The substance of this emission prediction model is 
described in a paper presented to &e Sixteenth Symposium (International) on Combustion held 
at MIT, Cambridge, Massachusetts in August, 1976 and piiblished by the Combustion Institute, 
Pittsburgh, Pa, The title of the paper is Characteristic Times for Combustion and Polluta nt 
Formation in Spray Combustion by Tuttle, Colket, Bilger, and Mellor, 

Emissions predictions were made for the four study engine cycles at the combustion inlet 
conditions of each power level of the 13-mOde Federal Heavy Duty Diesel Cycle. This 
represents 100%, 75%, 50%, 25%, and 2% power points at both intermediate and maximum engine 
output speeds plus three (3) idle conditions for each engine cycle. The weighted composite re- 
sults, in imits of milligrams per watt hour (grams per brake horsepower hour) are listed in 
the following tabulationt 


Base Line Study Engines 


Constituent 

Engine 
Actual Data 

1038“C 
(1900 »F) 

1132“C 
(2070 ®F) 

1204 ®C 
(2200 ®P) 

1371 “C 
(2500 “F) 

HC* 

0. 19 (0. 14) 

0.4 (0.3) 

0.3 (0.2) 

0. 4 (0. 3) 

0.3 (0.2) 

NOx 

5.36 (4.00) 

5.2 (3.9) 

7.1 (5,3) 

5.4 (4,0) 

8,0 (6.0) 

HC +NOx 

5, 55 (4. 14) 

5.6 (4.2) 

7. 4 (5. 5) 

5.8 (4. 3) 

8.3 (6. 2) 

CO 

1.57 (1.17) 

2.3 (1.7) 

1.6 (1.2) 

2.3 (1.7) 

1.3 (1.0) 


*HC values are estimated from previous DDA experience with HC/CO ratios and 
the predicted CO value. The base line data represent actual measurements. 

The results show that gaseous emissions for the four engine configurations remain very near 
or below the tentative 1980 standard. The amount by which the HC + NOx emissions are 
predicted to exceed the projected standard for the 1371 °C (2500 °F) cycle engine is so small 
that only minor modifications will be required to be made to the combustor in order to meet 
the legal requirements. To meet the 1983 standard, additional development will be required. 

The pollutant of most concern is N(^ which is predicted to increase about 53% in progressing 
from the 1038 “C (1900 “P) cycle to the 1371 “C (2500 "P) cycle. This increase is largely because 
of the higher combustor inlet air temperatures and the associated higher flame temperatures, 

A discontinuity in the predicted emissions trends occurs between the 1132®C (2070 °F) and the 
1204 ®C (2200 ®F) engines because of a combustor size adjustment which would occur at this 
phase if the engine output horsepower were held constant. The prechamber combustor will have 
very little effect on the emissions because it will be of the diffusion flame variety. The emissions 
were predicted and are compared above for a constant 224 kW (300 hp) engine. All emissions 
except NOx should be reduced as the cycle temperatures increase. HC, CO, and smoke all 
would benefit (be reduced) from these more favorable combustion environments. 
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JSngine Cost 


Detail part definitions were generated for all of the ceramic and metal parts which are unique 
to the turhines and combustors of the analysis study engines. This was done only in sufficient 
detail to facilitate the generation of part pricing data. The definitions include basic part size, 
shape and features, critical dimensions and tolerances, special surface finish requirements, 
and materials (where possible) and are shown on the engine general arrangement layout draw- 
ings (Figures 19, 20, 21, and 22). 

Part production volumes equivalent to 6000 engines per month were assumed for the part pricing 
aetiviines. The 6000 per month engine production rate is consistent with the engine "maturity" 
level used in the life-cycle-coat analyses. 

Volume production costs were provided for all of the unique metal parts by the Detroit Diesel 
Allison Production Manufacturing Department. The basis for this pricing was the same as that 
for the base line engine volume production part manufacturing costs. 

The volume pro ductionprices for all of the ceramic component details were generated by the 
Research and Development Division, Carborundum Company, Niagara Falls, New York. 

Volume pricing data for the regenerator system disks and seals were provided by Harrison 
Radiator Division of General Motors, who supplied the equivalent data for the base line engine 
regenerator parts. 

Pricing increases in the block insulation were assumed as a percent of base line block insulation 
prices for the 1204®C (2200*P) and 1371 “C (2500 ®F) engines. Anticipated changes to the basic 
engine block are not, however, expected to increase engine production cost. 

The engine electronic control assembly has adequate sensor and amplifier quantities and micro- 
proeessor capacity for application to the advanced engines to operate at turbine inlet conditions 
up to l371°C (2500 °F). Thermocouple locations will be changed as the local environments in 
the engines exceed thermocouple durability temperature limits, and control logic will be changed 
to reflect the revised sensor locations. However, engine control system costs will not change 
significantly as a result of these sensor location and control logic modifications, 

A summary of the 6000 engines per month voltime production parts costs is presented for each 
of the si^ificant component changes and for each of the analysis study engines in Table XIV. 



TABLE XIV. COMPONENT COST DATA FOR STUDY ENGINES 



<6000/month engine production volume) 



Percent Of 


Parts cost Increase as a percentage of base-Une 




cAgine cost* 


Engine 

Component Replacement 

1038 “C Engine 

n32'»C Engine 

1204*C Engine 

1371 “C Engine 

Parts Cost 

(and Associated Parts) 

(IQOO^F) 

(2070 “F) 

(2200 *F) 

(2500 “F) 

14,2 

Ceramic Regen Disk and Seals 

3*6 

3*Q 

3.6 

3.6 

5*0 

Ceramic QaaUicr Nozzle and Tip Seal 

-0*0 

-1. 1 

“LI 

-1.1 

1*5 

Ceramic Gasifier Rotor Blades 



L2 

1.2 

l.Z 

Ceramic Turbine Inlet Plenum 


2*0 

2,0 

2*9 

2,3 

Ceramic Power Turbine Nozzles (2 Stage) 



3*4 

5*4 


j Metal Power Turbine Rotor (2 Stage) 





<^4 O 

1 Ceramic Power Turbine Blades (2 Stage) 




4.7 


Turbine Exhaust Diffuser 



7*9 

7.9 

J c 

J Metal Pre-Chamber Combustor 



0,7 


1* a 

I Ceramic Pre-Chamber Combustor 




2.9 

100 

Total Engine 

2.2 

7.2 

22, B 

27,5 


♦(Replacement Component Cost) - (Base Line Pari Cost) 




(Base Line Engine Parts Total Cost) 





The summary shows an increasing total engine parts cost with increasing engine cycle tempera 
level and with increasing ceramic component content. The ceramic components are in general 
more expensive than their base line engine metallic counterparts. However, metal components 
with operating capability at the study engine temperature levels would similarly be more 
expensive than the base line components and would result in additional associated performance 
deterioration. The one exception is the gasifier turbine nozzle, wherein the base line metallic 
counterpart price reflects a complex air-cooled assembly. In this case, the ceramic com- 
ponent replacement assembly provides a cost reduction. 


The ceramic components which are dependent on ceramic casting practices show relative cost 
increases of substantial magnitude compared with the counterpart metallic components; 


Component 


Relative Cost Increase 


Turbine Inlet Plenum {2. 9/ 1. 3) X 100% = 

Turbine Exhaust Diffuser (7. 9/0.8) X 100% = 
Combustor (2. 9/1. 5 + 7) X 100% = 


220% 

990% 

130% 


Of the 22. 8% engine parts cost increase of the 1204“C (S200®F) engine over the base line engine, 
5. 2% is attributable to tiie incorporation of the two-stage improved power turbine and the pre- 
chamber combustor: 


QRIGI2VAL Bact? ro 
OF Pont. „ JfS 

quality; 
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Componont Increase (y o) 

Two-StaRo Metal Power Turbine Nob ale 
T\vo«Stage Metal Power Tiu-'blne Rotors 
Motal Pro'?dwmi''Qr Combustor 

■ 5 . 2 % 

TMs aBSUmes tot an additional metal power turbine noBEle would have about tbo samo dost as 
die baac line part. 

The engine assemb^? mid test coats ar-e assumed to be die same as tliose of the baso lino engine. 

In addition, it is assumed the engine selling price will reflect tlip same po'roentago markup 
over boat us tliQ base line divgino, 

Life Cycle Cost Analysis 

Iiife cycle costs for the base line md study engines wore evaluated. The ceramic engine parts 
\yore recognised for oaoh engine. Relative values for fuel, maintenance material and labor. 

Olid engine acoulsitibiv costs wore caloitlated and used in d computer model. This model is tlie 
result of work done since 1968 and represents a ''state-of-tlie-art-’ analysis tool. The modular 
dapaolly of tlie model was exercised to fit an assumed mahitenanoe eoncopt, 

A line haul truck proKle was used to develop a maintenance and opex'ating aoeiiarlp for the various 
englnos. This sconario is shown in Table KV with reapeot to basic data input. These values ' 
were selected to apply an 805 OOO'kllometrB t6OO; 0QO-milei average for each truck. 
rates used do rofleot tlie labor costs common to largor line haul truck operations* Typical 
maintenance allocations by percent for each level of maintenanoo are shown in Figure 25, These 
allocations oi'o further modified. Using the scliodUled mdiutenanoe oonOept as defined; in the 
base Itne engine description (ref Table HI). The percent allocations were held Constant for oaoh 
of tlie study engines. 

The life cycle cost analysis results for tlie line haul truck are pi'csented m Figures 26 tlirough 
20. All values in the coinpiarlson tables are shown ds a parcent of die base line engine operating 
at lQb2®G (1886*F), Fxnmhmtion Of the sensltlvtty data^^i^^^ point 

betWGon 1132®C {3070 “F) mid 1801‘’C t2300®F). This substantial Improvement refioGts not only 
a more efficient cycle but also teClmology impi'ovements hi the form of liij^er cfflcloncy coin.'r 
poBbutsi, are slioum which hidicate the; 

Improvoments and relying oidy on die basic cycle improvement. 


2.8 
2.2 
6, 7 


TABLE XV. LINE HAUL TRUCK LIFE CYCLE COST ANALYSIS INPUT DATA 

Program Assumptions 


ft Fluet Si'/i‘ 

loo Tractors 

ft Utilization 

14 500 km (9j000 Miles) Per Month For 
Each Tractor 

ft Average Speed 

T2 Kilometres Per Hour (45 MPIt) 

ft Maintenance Levels 

Garage In- Frame 

Ont-Of-Frame 
Rebuild Major Repair 

Overhaul 

ft Engine Turn-Around 

Maximum Of One MonUi At All Levels 

ft Labor Rate 

$17.00 per Man-Hour At All Levels 

ft Program Time 

GO Months 

ft Fleet Age 

Uniformly Distributed Over 805 000 km 
(500,000 Mile) Age Profile) 


I*- -on 


In^fromo 

ft Oil change 
ft 0 \\ fittur 
ft Fuel filter 
ft toniter 
ft Fuel valve 
ft Fuel uozsle 
ft Worm gear 
ft Clutch volvtt 
ft Disk chongo 
ft Buntor 
ft Hot sect I 
ft Cold leel 


Out of frame 


Mojor repair 


Ovarl\Qul 

ft Oomplelo engine 


ft Rototlng component 
In gos path 
ft Gearkojt 
ft Work beyond shop 
capability 


Figure 25. Typical line haul truck maintenance allocations. 







n 

£ 30- 


Toral cQit 


fuel + operoftng cost 


Fuol coat 


Acquisition cost^ 
i»s 


With Improved component 
to cfinology added 

Without Improved component 
technology added 

805 QOO km (500,000 mi) por 
truck 

Fuel cost lli^lltre (40(;/gal) 


1000 1100 1200 1300 1400 

Turblno inlot temperoturo— ®C 

1 1 ^ 1 I J r 

1800 2000 2200 2400 2600 

Figure 26. Effect of cycle temperature on line haul truck. 
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Figui’e 27. Line haul truck cycle cost adjusted for increased ceramic material cost 
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Figure 28. Line haul life cycle cost adjusted for increased fuel price. 
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Pigiu'e 29. Line haul truck life cycle cost adjusted for reduced lengtli of ownership 







The basic effect of the increased cycle temperature is shown both with and without recognition 
of the component technology improvement in Figure 26. This curve indicates that there is no 
benefit in increasing temperature beyond 1132 ®C (2070“F) unless improved efficiency components 
are introduced. Further, only a minor drop in life cycle costs is shown for the 1371 “C (2500 ®F) 
engine compared to the 1204 ®C (2200 “F) engine even with improved components. 

Hecognizing that the confidence for ceramic material prices decreases as more ceramic material 
is introduced, the sensitivity for an assumed increase in the cost of the ceramic materials 
with temperature is shown, in Figure 27. The material content was varied in 5% steps for each 
engine after the 1038 ®C (1900 ®F) configuration. There was an initial material adjustment of 
10% for the 1038 ®C (1800 ®F) engine. With this assumption, the 1204 ®C (2200 “F) engine shows 
the lowest life cycle cost. 

Fuel may be the principal cost driver. In the previous calculations, a cost of 11 cents per litre 
(40 cents per gallon) for fuel was used. Figure 28 shows the impact of fuel at 16 cents per litre 
(60 cents per gallon). The percentage contribution of the higher-cost fuel represents a substantial 
increase to the cost of operation. Ehren with the higher fuel cost, the 1371 “C (2500 ®P) engine 
life cycle costs are only slightly better than the 1204 °C (2200 ®F) engine. 

The previous data were aimed at an average distance of 805 000 km (500,000 miles) per tractor. 
Since some users are concerned about cost to first overhaul, a 483 000 km (300,000 mile) per 
tractor data set was calculated. These data are depicted in Figure 29, which shows a relatively 
small change in life cycle cost, with die 1204 ®C (2200 ®F) engine as the optimum. 

It appears that the 1038°C (1900”F) and 1204°C (2200®F) engine configurations show the most 
benefit in cost saving. The H32“C (2070®F) version is marginally better than the 1038 ®C 
(1900“F) version. When one considers the relative risk of operating the engine at higher 
temperatures, it would seem that a question could be raised concerning overall engine reliability. 
However, a basic premise of this study was that the associated metal parts complementing the 
ceramic engines would maintain a constant premature removal rate. 

An intercity bus application generally follows the cost trends of the truck. The bus life cycle 
cost is somewhat more labor intensive because of installation constraints. However, there 
were no other significant trend changes over a line haul truck. Specific values of fuel and the 
labor-material mix will change. A summary of the operational values is listed in Table XVI. 
However, Figures 30, 31, and 32 indicate curve shapes very similar to those of the truck, even 
with these changes introduced. 
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TABLE XVI, INTERClTy BBS LIFE CYCLE GOST ANALYSIS INPUT DATA 

program Assumptions 


• Fleet Size 

100 Bus Fleet 

• Utilization 

26 500 km (16,500 mUes) Per Month For 
Each Bus 

m Average Speed 

72 Kilometers Per Hour (45 MPH) 

# Maintenance Levels 

Garage In-Frame 

Out-Of-Frame 
Rebuild Major Rep^ 

Overhaul 

• Engine Turn-Around 

MaJlimum Of One Month At All Levels 

• Labor Rate 

$17. 00 Per Man-Hour At All Levels 

• Program Time 

60 Montlis 

m Fleet Age 

Uniformly Distributed Over 805 000 km 
(500, 000 Mile) Age Profile 


90 •• 

I 80*- 
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Figure 30. EjEfect of cycle temperature on intercity bus life cycle cost 
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Figure 31. Ihtercity bus life cycle cost adjusted for reduced period of ownership 
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Figure 32. Intercity bus life cycle cost adjusted for increased fuel cost. 


Tho principal reason for more labox' being required in llio operation of tlxe bus is tliat less 
maintenance can be done '*in"frame, *' Cux'rent bus designs do not allow regenerator disks and 
seals to be changed in-frame in tlio manner tlxat a "cab-over” semi-tractor truck will allow. 
Therefore, the gai*age level labor content Increases in tlie operating cost category over a truck 
application. Fortunately, tlxe relative total percentage does not vary a great deal, tlxereby 
presoi'xdng tlxe genex'al cm' ve shapes common to tlxe line haul truck. 

In sxmxmory. Uxe view from a life cycle cost standpoint seems to centei* oix tlxree recommendations 

X. The 10S8**C (1000 “F) level of cex'amic coxxtexxt should be pux'sued. 
a. The X304®C {2300 ®F) level of cex'omic content and technology appears vei'y attractive 
fi'om a cost/Ueixeflt weighthxg. 

8. Tho ISTl^C (2500 ®P) level should be deemplxaslned pexxdihg more "buildiixg block” 
teclmology woi'h. The potexxtial fuel savings are desii'able, but today’s understanding 
of tlxe other engine items whlelx must also be low cost adds a degree of risk. This 
risk does not appear to be substaxxtially offset by life cycle cost savings. 

Life cycle cost analyses were px'cparod for tlxe line haul truck and intercity bus applications 
using sea level, 15. G^C (60 “F) vehicle sixnulation data and a 16 ceixts per litx'e (60 cents per 
gaUon) fuel cost (projected 1980 cost). These data are compai'ed witlx tlxe previous results 
(SAQ stoixdard day) for tlie truck and tlxe bus iix Figures S3 and 34, respectively. A significant 
reduction in life cycle cost Is shown for sea level, 15. G®C (60 *F) day operation, witlx the base 
line engine showlixg tlxe greatest impi'overaent. 

Marketability 

The mai'ket concept for tlxe muge of ceramic enghxes was based on an estonsioxx of tlxe all-metal 
base line engine. It was considered tlxat tlxe xnetaV engine would be offered at a competitive 
px'ice to a compai'ably x'ated power diesel when instaUation considei'ations were included. Also, 
benefits toward meeting environmental consti'alnts were xiot credited to tlxe tui'bine, nor were 
they assessed against tlxe diesel ixistallationi One could have some concern tlxat tlxe Ixigher 
tempex'ature ceramic engines might move outside tlxe competitive price range. Therefore, tlxe 
inxpox'taxxce of tlxe operathxg aixd support costs to offset tlxe investmexxt cost becomes vex'y 
sigixificant. One could conclude fx'om tlxis preliminax’y study tlxat the 1204 “C (2200 “F) engine 
woxxld I'epresent tlxe upper limit tlxat would probably fit a competitive market. The 1371 ®C 
(25Q0®F) enghxe will need more developnxexxt to provide fUrtlxer reductions in life cycle costs 
in ordei' to be accepted. 
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Figure 33. Line ha\il truck life cycle cost — effect of ambient conditions. 
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Figux'e 34. Intercity bus life cycle cost— effect of ^bient conditions. 



STUDY CONCLUSIONS AND RECOMME5NDATIONS 

The purpose of the foregoing study was to use selection criteria on performance ^213 mg/W*hr 
(0»35 Ib/hp-hr) sfc] , durability (qualify ceramic parts for use in a base line gas turbine pro- 
gram). and cost (competitive for ttnick and bus applications) and establish a program plan I'or 
an improved engine which could be demonstrated by the end of 1981. Based on the study results 
discussed, the following conclusions were drawn: 

1. Ceramic components can be introduced into the current base line engine and a 213-mg/ 
W*hr (0. 35 Ib/hp-hr) sfc can be demonstrated by 1981. The risk of successful com- 
pletion of this work is considered high because of the high technology involved in 
appfying ceramic components to gas turbine engines. 

2. Ceramic components (which periaait increased turbine and regenerator inlet tempera- 
tures) as well as improved component efficiencies are required to meet the performance 
objective by 1981. 

3. Ceramic materials require substantial characterization and development activity to 
achieve the durability required to qualify ceramic components for introduction in a 
production engine. 

4. Program planning should emphasize the early durability evaluation of ceramic regenerators 
and early development testing of ceramic vanes, blades, and tip shrouds. 

5. Approximately a 1204 “C (2200 ®F) turbine inlet temperature is the near-term limit of 
temperature capability for ceramic materials and for achieving the 213-mg/W*h 

(0.35 Ib/hp-hr) sfc goal. At this turbine inlet temperature, fuel savings are approximately 
29% for a line haul truck and 27% for a highway bus. 

6. Life cycle costs show fuel cost to be extremely important to overall cost and that 
improved sfc will become overriding in importance as fuel costs increase, (It appears 
that fuel will cost much more than 60 cents per gallon by 1981). This fact should lend 
increasing importance to the fuel conservation aspects of future powerplants. 

7. The cost of o\vnership of line haul trucks and highway buses is reduced by 9% by 
achieving the 1204 ®C (2200 “F) operational capability. Only a 1% additional reducticn is 
realized by achieving 1371 ®C (2500®F) (based on ciucrent Imowledge of ceramics). The 
increased risk with minimum assessed payoff does not justify a program plan which 
goes mucli above the 1204 ‘’C (2200 ®F) level. 

8. Integral ceramic turbine blade and wheel rotor assemblies require more than five 
years to develop to a stage of readiness for initial production engines. This technology 
should result from a program funded separately from the one planned herein. 

9. Noise and emission standards througli 1980 regulations can be met by 1204 “C (2200 ®F) 
engines. Work on combustors should be performed in the plaimed program to meet 
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PROGRAM PLAN 


PROGRAM OBJECTIVES 

Two primary objectives were selected for the plaxmed program; 

1. Incorporate ceramic components into the base line engine to demonstrate the applicability 
of current ceramic materials technology by the end of 1981. 

2. Demonstrate improved fuel consumption from the benefits derived by having improved 
ceramic and aerodynamic components. The fuel consumption improvement desired is 
to change from a 274-mg/W*h (0.46 Ib/hp-hr) to a 213-‘mg/W*h (0. 35 Ib/hp-hr) sfc 
by the end of 1981, 

The program also has two secondary objectives; 

1. Meet current and projected federal noise and emission regulations, 

2. Demonstrate commercial capability for the improved engines. 

These objectives were established with NAS A/DRDA at the inception of the program and were 
used as criteria in the study conducted. The scope of the schedule, technical accompUshment, 
and endurance testing was defined by these objectives, the feasibility fo meeting the objectives 
was assessed in the study program, 

RISK FACTORS 

The program plan which follows recognizes the relatively "high risk" of incorporating ceramic 
components in a gas turbine, and the plan is intended to permit iterations on materials and 
geometry of ceramic components. 

The risk factor for incorporating ceramic components varies with each component. Risk levels 
were assigned as follows (lowest risk factor is lowest number, highest risk is highest number) ; 

1, Regenerator 

2, Combustor 

3, Stationary Turbine Tip Shrouds 

4, Turbine Nozzle Guide Vanes 

5, Tiirbine Inlet Plenum 
6* Turbine Exhaust Diffuser 

7. Turbine Rotor Blades— Metal WJ 

8. Turbine Rotor Blades and Wheel 



Preceding page Manl! 
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These risk factors recognize the current state of the art demonstrated in the various industry 
programs to incorporate ceramic materials in gas turbine engines. A second ranking of ceramic 
components was made to illustrate the performance benefits possible in the program. The 
following list shows the relative performance payoff: the lowest numbers indicate the higliest 
payoffs* and the highest numbers the lowest performance gains. 

la. Regenerators 

lb. Turbine Nozzle Guide Vanes 

l c. Turbine Rotor Blades 

2. Stationary Turbine Tip Shrouds 

3. Turbine Inlet Plenum 

4. Combustor 

! 5. Turbine Exhaust Diffuser 

Two items are noteworthy in comparing these two lists of components. First, ceramic turbine 
rotor blades and wheels were not considered to be feasible in the time frame of the objectives 
and were dropped from the second listing. This combined blade and wheel ceramic technology 
component development should be pursued in a separate program of longer duration. Second* 
three components are ranked in the highest performance payoff category (regenerators, vanes* 
and blades). This equal ranking reflects the importance of each component in achieving the 
increased turbine inlet temperatures required for obtaining the 213-mg/W*h (0,35 Ib/hp-hr) 
sfo objective. The regenerators and vanes give immediate benefits at the 1038 ®C (1900 *F) 
level* and their development should be given emphasis. The ceramic rotor blades (or optional 
air-cooled blades) are required at the 1132 “C (2070 “F) and 1241 "C (2265 *F) turbine inlet 
temperatures and should also receive early program emphasis because their learning curve for 
application will be the steepest of all components shown. 

Two benefits of ceramic components are derived in gas turbine performance; higher cycle 
temperature and improved component efficiencies. Significant concentration on both of these 
in the development program is required to achieve the performance objective established. The 
following plan is presented as a suggestion of an approach toward achieving the potential benefits 
offered by ceramic materials. 

PROGRAM PLAN SUMMARY 

The incorporation of ceramic components and component efficiency improvements leading to 
the demonstration of the 213-mg/W«h (0. 35 Ib/hp-hr) specific fuel consumption goal will be 
achieved stepwise through successive increases in turbine inlet temperatm e. A detailed 
description of the program plan including demonstrator engine performance, configuration, 
i and testing is given in the remainder of this section. 
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Demonstration Engine Performance and Configuration 


The engine configurations and cycle temperatures which are necessary to satisfy the development 
and demonstration activities outlined for the pr ogram are very nearly Identical with those con- 
ceived for the study program. Only three significant differences exist: 

• The study engine configured for 1204 “C (2200 ®F) will he designed to operate at 1241 ®C 
(2265°F) to achieve the 213-mg/W*h (0.35 Ib/hp-hr) specific fuel consumption objective. 

The component performance required to meet this objective is discussed later in this 
section. 

• The 1241 “C (2265 ®F) demonstration engine will use the ceramic pre- chamber combustor 
that was configured for the 137l“C (2500 ®F) study engine to obtain acceptable life. 

• The flow capacities of the turbines and compressor will be coordinated with the base line 
program to exploit the availability of components to the fullest extent and minimize program 
costs. The horsepower of the engines will not remain constant. Table XVII presents the 
various stages of engine perforanance demonstrated from the base line as temperature is 
increased to the 1241®C (2265®F) turbine inlet temperature engine. 

The part-load fuel consumption of the 1002 °C (183 5 ®F) demonstrator engine (base line engine 
with ceramic regenerators) will not be as good as was predicted in the study program because 
the regenerator inlet temperature will be limited to 774 °C (1425°F) by seal wearface material 
temperature limits. At full power, the trade-off in increased ceramic regenerator pressure drop 
offsets its increased effectiveness, resulting in slightly lower power — 218 kW (293 hp)— at the same 
specific fuel consumption of 274 mg/W*h (0.45 Ib/hp-hr). 

In the 1038 “C (1900 ®F) demonstrator engine, the use of the ceramic regenerator is continued, 
and the gasifier turbine nozzle vane assembly and rotor tip shroud are replaced with ceramic 
components. This will permit the rotor inlet temperature to be raised to 1038 °C (1900 “F), 
thereby increasing the power to 231 kW (310 hp) aind lowering the sfc to 262 mg/W*h (0. 43 
Ib/hp-hr). These power and sfc improvements carry through the entire power range and will 
be demonstrated on tiie test stand and in a vehicle. 

The next step in the program is to replace the gasifier turbine inlet plenum and the gasifier 
turbine rotor blades with ceramic parts. The turbine inlet temperature can then be raised 
to 1132“C (2070®F), and the engine power and sfc are raised to 261 kW (350 hp) and 243 mg/W*h 
(0.40 Ib/hp-hr), respectively. These increases carry through the full power range. Demonstra- 
tions wiU be made on the test stand and in the vehicle. 
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TABLE XVII. PERFORMANCE DEMONSTRATION ENGINES 
[29 “C (85 “F). 152 m (500 ft) altitude] 





Ref 





Engine performance 



Base Line 





Turbine Inlet Temperature 

"C 

(T) 

1002 (1835) 

1002 (1835) 

1038 (1900) 

1132 (2070) 

1241 (2265) 

Max part Load Regenerator Temperature 


(”F) 

774 (1425) 

774 (1425) 

899 (1650) 

079 (1795) 

982 (1800) 

Design Capabili^ Of Regenerator 

°c 

(”F) 

774 (1425) 

774 (1425) 

982 (1800) 

982 (1800) 

982 (1800) 

Compressor Airflow 

kg/s 

(Ib/sec) 

L56 (3*45) 

1.56 (3.45) 

1*56 (3*45) 

1*56 (3,45) : 

1*37(3.03) 

Shaft Power 

kW 

(hp) 

224 (300) 

218 (293) 

231 (^10) 

261 (350) 

287 (335) 

Specific Fuel Consumption 

mg/W*h 

(Ib/bp-hr) 

274 (0* 45) 

274 (0.45) 

262 (0.43) 

243 (0.40) 

213 (0.3S) 

Test Stand Demonstration 



Yes 


Yes 

Yes 

Yes 

Vehicle Demonstration 





Yes 

Yes 

Yes 

Introduction of Ceramic Components 








Regenemtor Disk And Seal 



M 

C 

C 

C 

C 

Gasifier Nozzle Assembly 



M 

M 

C 

C 

C 

Gasifier Tip Shroud 



M 

' M 

C 

C 

c 

Plenum 



M 

M 

M 

C 

c 

Gasifier Rotor Blades 



M 

M 

M 

C 

c 

Two Stage Power Turbine Nozzle 



fr 

# 

4 

* 

C 

Two Stage Power Turbine Rotor Blades 



« 



+ 

M 

Exhaust Diffuser 



M 

M 

M 

M 

c 

Combustor 



M 

M 

M 

M 

c 


IVI - Metal 

C - Ceramic 

* - Single Stage Metal 



The next step in the demonstration program is to redesign the entire hot section gas path to 
make use of advanced component technology to raise the level of performance of each parti 
With reference to the all-metal hase line engine« tlie compressor efficiency is raised 1. 0®/o 
from 82.4% tb 83.4% and the corrected flow capacity is reduced from 1. 66 kg/s (3. 65 Ib/secV 
to 1, 45 kg/ s (3. 20 lb /sec) at a constant 4. 0 pressure ratio. The gasifier turbine is redesigned 
for a 1. 0% efficiency improvement from 87. 0% to 88. 0%, and the corrected flow capacity decreases 
from 0,835 kg/s (1. 84 Ib/sec) to 0. 745 kg/s (1. 73 Ib/seo) to matoh the reduced flow capacity 
of the compressor. The power turbine is redesigned from one to two stages with ceramic 
liOzzle vane assemblies. The efficiency of the power turbine is unchanged from that of the 
single-stage base line engine at 89. 7%. As in the gasifier turbine, the power turbine corrected 
flow capacity is reduced, from 1.62 kg/s (3, 58 Ib/sec) to 1. 38 kg/S (3.04 Ib/sec), for proper 
matching witli tlie gasifier section. Regenerator effectiveness increases 6, 1% from 88. 9% to 
96. 0%. Regenerator leakage and pressure drop increase by 0. 4% (4, 9% to 5. 3%) and 0. 6% (3. 2% 
to 3. 8%), respectively; however, regenerator leakage flow is reduced from 0. 075 kg/s (0. 165 
Ib/sec) to 0.069 kg/s (0.152 Ib/sec), and total cycle pressure loss is reduced by 1. 1% from 
11. 9% to 10. 8% as the result of the reduced cycle muss flow. The details of how these com- 
ponent improvements are to be accomplished are discussed in the Technical Approach section. 
Ceramics are used in the combustor and power turbine exliaust diffuser. These changes allow 
the gasifier rotor inlet temperature to be raised to 1241“ C (2265 "P) to attain tlie sfc gpai of 
213 mg/W*h (0.36 Ib/hp-hr). 

The compressor sets the engine flow capacity size, and ilie resultant power level is 207 kW 
(385 hp). If the compressor were to be resized smallei* to maintain 224 kW (300 hp). the gasifier 
shaft rotational speed would have to be incx'eased and a complete redesign of the high-speed 
shafting and gearing would be necessary. This would result in additional expense, effort, and 
time. 


Engine Development Plan 

The initial activiiy schedul'sd in the engine development program is the evaluation of the durability 
and chemical stability of ce. Ic regenerator disks in an existing engine with a 774“C (1426"P) 
regenerator temperature limit. 
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The next activity is the rig evaluation of rim-driven ceramic regenerator disks, individual ' 

ceramic gasifier nozzle yanes, and an individual ceramic gasifier tip shroud and the inc6r{Jora- ^ 
tioh of these parts into two base line engines for test demonstration at 1038 “C (1900 “P) turbine 
inlet temperature with a 774 “C (1425 “P) regenerator temperature limit. These first two i 

1038 “C (1900 “P) engines are designated as Design I. A regenerator systeni dS^bpini^ I^rO^^ 
gram for tlie advancement of regenerator performance and meclianical technology in the areas 


of oeramic matrix geometry, seals, and drive system is begun and is continued throughbut the 






The initial experience gained from these activities is applied to design fabrication, component 
test, snd engine test (two engines) of improved ceramic regenerator disks and associated parts, 
integrated ceramic gasifier vanes and nozzle assembly, and integrated ceramic tip shroud. 

The designation of these two engines is Design H. These turbine parts are also tested to the 
1038 “G (1900 ®F) turbine inlet temperature condition. The regenerator temperature limit is 
increased to 982 (1800 “F); however, the engine is capable of producing a regenerator inlet 

temperature of only 899 "C (1650“F) as indicated in the study program earlier in this report. 


An activity for design sttidies, fabrication of test specimens, and bench testing of the ceramic 
gasifier blade to metal turbine wheel attachment configuration is also begun near the start of 
the^program. 

A ftirther increase in engine turbine inlet temperature to 1132°C (2070®F) is scheduled as the 

next activity for improvement of the engine. This temperature increase is supported by design, 

fabrication, component test, and engine test of an improved ceramic regenerator system and 

^ i 

gasifier nozzle assembly and tip shroud with the incorporation of ceramic gasifier turbine rotor 

blades and a ceramic turbine inlet plenum. The engine electronic control system is also modified 

for this engine to accommodate engine control logic that is compatible with temperature sensors 

located in the lower temperature regions at turbine outlet conditions and combustor inlet conditions. 

Component improvement programs for several of the engine aerodynamic components are 
conducted concurrently with the testing. This testing involves the compressor, regenerator, 
gasifier turbine, arid power turbine and is directed toward providing the specific performance 
characteristics required for the 1241 "C (2265®F) engine configuration, 213 mg/W‘h (0.35 
Ib/hp-hr) sfc, which is the next program step. Turbine exhaust diffuser aerodynamic develop- 
ment is also conducted to ensure compatibility with the power turbine and to provide an improved 
flow distribution to the regenerator system. 


The engine configured for development and demonstration of the 1241®G (2265“F) turbine inlet 
temperature level incorporates the improved aerodynamic components and the ceramic com- 
ponents improved from those previously engine tested and the addition of ceramic power turbine 
nozzles, a ceramic combustor, and a ceramic exhaust diffuser. 

An overview of this program as has been outlined is presented in Figure 35. 



A detailed description of the test plan follows. 


Rig Testing 
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The testing program formulated was conceived to address specific requirements applicable to 
the content of ceramic materials in the engine. These specific requirements vary from com- 
ponent to component. For example, ceramic regenerators and their testing represent a relatively 
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straightforward step as opposed to ceramic turbine rotor blades. This suggests that a reasonably 
firm test plan for regenerator evaluations can be formulated, whereas the test plan for rotor 
blades (because of the higher learning curve) will be more subject to change with program 
activities. Stationary ceramic cpmpionents represent a development risk between regenerator 
disks and rotor blades, and testing mil be conducted on a demand basis. 

Iterations from one step to the next design step were of prime consideration in establishing the 
plans for the rigs and engine. Because of the unknoiivn performanoe of the ceramic designs 
to be evaluated, the test plans shown (while used to establish program costs and manpower) will 
be subject to adjustment and may vary significantly witli program execution. 

In formulating the rig and engine test plans, the rig programs were established to be relatively 
short tests, cyclic in nature, with a level of Instrumentation that should help identiify problems 
to be encountered or performance characteristics as required. It was found that engine testing 
could be accomplished for approximately the same cost (or less) as rig tests in many cases. 

Engine testing is preferred to rig testing because of the realistic environment in the engine 
and the Inability of rigs to exactly reproduce the engine environment. 

The rig testing and engine testing candidate plans are discussed in the following paragraphs. 

The target numbers of hours, numbers of components^ numbers of tests, or numbers of rig 
builds are given depending on which of these factors is most significant from a technical 
accomplishment consideration. Table XVIII is a summary of the rig test plan. 

Regenerator Rig Testing 

The regenerator rig ^vill be used to evaluate the various regenerator system configurations 
developed during the program. The drive system for the regenerator plus system performance 
(disks and seals) are evaluated under actual steady-state engine eonditiohs oyer the speed range 
Drive torque, disk effectiveness, pressure drop, and seal leakage data are obtained during rig 
testing. In year 3, a high-temperature rig will be used to evaluate ceramic regenerator hardware 
at temperatures to 982°e (1800“F). 

During the first year, two regenerator rig test programs are planned. The first is designed 
to evaluate hub-driven ceramic disk and seal hardware and provide feedback for the design activity 
The second test program is intejided to evaluate the first rim-driven ceramic disk hardware 
which was designed early in the year. These two test programs will accumulate testing wMch 
avtII provide drive system functional checkout and torque data and disk effectiveness and pressure 
drop and seal leakage data. Limited disability data will be also obtained. 
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TABLE XVm. candidate TESTS— BENCH AND RIG PROGRAM 


. . ' Year ' 

•' 1 


■ 3 


1. ,.-' 5 . j 

Rig: Test Pirograrhs 






BiOTier, and Cascade Rig 

430 hr 

44lhr ' 

560 hr 

790 hr 

420 hr 

Cold Slow’ Rig 

..6 

6 Gasifier Noz^es 

6 Gasifier Nozzles 

6 Gasifier Nozzles 
12 Power Turbine 
Nozzles 

6 Gasifier Nozzles 
12 Power Turbine 
Nozzles 

Regenerator Internal l,ealage Rig 

14 Disks 

10 Disks 

10 Disks 

5 Disks 

a Disks 

Regenerator Seal Ijcaf Leakage Rig 

12 Seals 

12 Seals 

12 Seals 

12 Seals 

12 Seals | 

Regenerator Rig— Higli Temperature 

192 hr 

224 hr 

224 ihr 

324 hr 

284 hr 

Vibration Rig 

i?ozzie fit Shroud 

Nozzle, Plenurhj 
fit Blades 

Nozzle, Plenums, 
fit Blades 

Nozzles, Plemim, 
Blades ^ fit Exhaust 
Diffuser 

Nozzles, plenums, 
fit Exhaust Diffuser 

Spin Pit / ^ • 

No 

34 Tests . 

34 Tests 

34 Tests 

4 Tests 

Compressor Rig Testa 

No 

B Builds 

3 Builds 

3 Builds 


Turbine Rig Tests 

No 

4 Builds 

2 Bunds 

2 Builds 

^ — . 











During years 2 through 5, regenerator hot rig testing of each regenerator system configuration 
will be conducted. Starting with year 3, testing will be at a maximum temperature of 1800 “F. 

Two supporting ambient temperature rigs are provided to help develop regenerator system 
components. A disk internal leakage rig will be used to measure the leakage through the walls 
of the matrix tliat occurs as the result of fabrication defects or material porosity. A seal leaf 
leakage rig will be used to measure seal leaf leakage over tlie engine pressure (speed) range. 

These ambient temperature rigs will be used to evaluate a majority of the disks and seals to be 
tested in the regenerator hot rig. These data will provide feedback to the next stage of design 
activity. 

Cold Flow Rig Testing 

The cold flow rig will be used to evaluate tlie various gasifier and power turbine nozzle configura- 
tions developed during the program. Information to be obtained will consist of nozzle flow 
capacities, data for prediction of engine operating characteristics, and functional checks on 
ceramic components under aerodynamic loading. The cold flow rig will be capable of simulating 
engine pressure and flow conditions over the speed range with ambient temperature air. 

During each of the first three years, six gasifier nozzle assemblies will be tested. The first- 
year configuration will feature individual vanes in a metal ring; tlie following years will feature 
ceramic assemblies "with integral shrouds. The fourth- and fifth-year configimations will 
consist of ceramic gasifier and two-stage power timbine nozzle assemblies with integral shrouds. 
Each year, 18 tests of the gasifier and two-stage power timbine nozzles will be conducted. 

Burner and Cascade Rig Testing 

The burner and cascade rig ^vill be used to evaluate the various turbine nozzle and shroud 
assemblies, metal and ceramic combustor, plus metal and ceramic plenums developed during 
the program. The burner and cascade rig provides testing of components with aerodynamic 
loading plus thermal effects that simulate actual engine conditions. In the fourth year, a high- 
temperature burner and cascade rig will be used to evaluate ceramic components at temperatures 
up to 1241 (2265 »F). 

Various combustor configurations plus turbine nozzle and shroud assemblies will be tested 
during all five years. "For the first year and part of the second year, combustor testing will 
be concentrated on metal configurations; the remaining combustor tests will be with ceramic 
components. During the second year, ceramic plenum work will begin and will continue through 
tlie fifth year. During aU five years, burner rig work in support of engine testing will be conducted 
as required. The following is a summary of the w<^k planned for the burner and cascade rig; 


Year 


Component tested 


Metal combustor and engine support 

1 ' Separate ceramic gasifier tip shroud 

Individual ceramic gasifier nozzle vanes 

Metal combustor (ceramic simitlator) - 

2 and engine support 

Gasifier nozzle St shroud assembty 
Ceramic plenum 

Introduce high temperature burner rig 
Metal combustor (ceramic simulator) and 

3 engine support 

Gasifier nozzle &. shroud assembly 
Ceramic plenxun. 

Metal combustor and engine support 
Ceramic combustor 

4 Ceramic plenum 

Gasifier nozzle St shroud assembly 
Power turbine nozzle St shroud assembly 

Metal combustor and engine support 
Ceramic combustor 

5 Ceramic plenum 

Gasifier nozzles shroud assembly 
Power turbine nozzle & shroud assembly 

Vibration Testing 

Vibration bench testing consists of two parts; (1) shaiier table frequency surveys for all of tiie 
various stationary ceramic parts and (3) more extensive testing of turbine blades. For each 
turbine blade desi^, a frequency survey of 10 separate blades is runlTom 0 to SO j 000 Hz to 
locate resonances. Mode shapes ai’e meclianically measured on two blades, the stress distribu- 
tion in the blade is measm'ed on one blade, fatigue strength is determined for five blades, and 
the damping cimracteristics are defined for 1 blade (19 total blade tests per design). Excitation 
of tlie blade is provided by an acoustic siren. The following is the breakdown for vibration 
testing: 
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shaker table 


Year 1 

One gasifier nozzle with individual ceramic vanes 
One separate gasifier nozzle shroud 


Year 2 

One integrated gasifier shroud and nozzle 

One metal inlet plenum 

One gasifier blade design (2 materials) 

Year 3 

One gasifier nozzle and shroud 

Two ceramic inlet plenums 

One new gasifier blade design (2 materials) 

Year 4 

One new gasifier nozzle and shroud 

Two power turbine nozzles 

One new plenum 

One cereimic exhaust diffuser 

One new gasifier blade design (2 materials) 

One power turbine design (2 stages) 

Year 5 

One new gasifier nozzle design 
Two new power turbine nozzles 
Two new plenums 
One exhaust diffuser 


I shaker table 
38 blade tests 


shaker table 
38 blade tests 


shaker table 

38 blade tests 
38 blade tests 


shaker table 


Spin Pit Testing 


The spin pit iivill be used to evaluate the various ceramic gasifier blade configurations developed 
during the program. Spin pit testing provides centrifugal loading of the blade and blade to 
wheel attachment at ambient temperatures. 

Spin pit testing will begin in the second year with testing of the gasifier blades. Thirty-four 
tests are planned to evaluate the blades and blade attachment. The third and fourth years will 
also inclut 34 tests each year. The 34 tests are described as follows: 
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• spin two blades to overspeed failure - 10 tests 
(two ceramic materials X 5 tests) 

• iXOTo proof spin tests on blades - 12 tests 
(two materials X 6 engine tests) 

• 1107 a proof spin teats on rotor assemblies - 6 tests 
(two materials X 3 rotor assemblies) 

9 Cyclic spin tests 107o to ll07o - SOO cycles - 6 tests 
(two materials X 3 tests) 

Spin pit testing in tlie fifth year will consist of 1107a proof spin tests of four rotor assemblies. 
Compressor Rig Testing 


Compressor rig testing will be accomplished to achieve an increase in efficiency while decreas- 
ing compressor airflow from 1.56 kg/s (3.45 Ib/sec) to 1.37 kg/s (3,03 Ib/sec). Corrected 
flows (NASA std) drop from 1. 66 kg/s (3.65 Ib/sec) to 1.45 kg/s (3.20 Ib/sec), In the initial 
year of tlie program, design analysis and correlation of existing data will lead to new design 
parameters to be evaluated in subsequent years, hi year tivo, sis compressor rig builds are 
Identified, and in eacli build more than one design vai*iation will be evaluated (such as rematching, 
alternate diffuaer passages and variations in instrumentation readings, yaw probe surveys of 
temperature, pressure and angle). All tests will be heavily instrumented to provide masimum 
diagnostic data on wMcli to base farther development. 

Additional compressor builds are shown in each of the tivo subsequent years to acliieve refine- 
ments and improvements to compressor efficiency. This type compressor program is necessary 
to achieve the technology improvement being sought. 

Turbine Rig Testing 


Turbine rig testing is required to aciiieve two program objectives: 

9 Incorporate ceramic components in tlie turbine 

9 Incorporate improved turbine efficiency while preserving tlie basic engine configuration 

The incorporation of ceramic turbine vanes and blades will require new aerodynamic configura- 
tions of these airfoils. The current air cooled metal vane is not near to optimum for minirmim 
tliei'mal and meclianical stresses in ceramic vanes and must be replaced with a new row of 
aii'foils. Similarly, ceramic blades will require a new configuration in tlie rotor because of 
aerodynamic, vibration, and structural considerations. A turbine rig program is mandatory 
to achieve tliese changes. Simultaneously, an opportunity to acliieve improved aerodynamic 
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performance is presented and will be utilized to achieve the projected fuel saHngs in the program 
objective. This turbine rig program will be the evaluation phase of performance parameters 
achieved with the new configurations required to place ceramic components in botli the gasifier 
and power turbines. 

The power turbine in the current engine is structurally inadequate above the 1132“C (2070 ®F) 
temperature level and must be replaced with a new two-sta^e power turbine to run the 1241 ®C 
(2265 “P) turbine inlet tempeiature conditions. This reqxiires evaluations in the turbine rig 
program to consolidate and improve performance in hand and achieve improved performance 
necessary for the program objective. 

The turbine rig test program is designed to evaluate new airfoils required including ceramic 
optimized geometries. Specific tests planned are 

• Nozzle Vane Aspect Ratio Evaluation 

• Rotor Blade Aspect Ratio and Tip Clearance Tests 

• Trailing Edge Thickness Effects (blade and vane) 
li Airfoil Surface Roughness Effects (blade and vane) 

• Gasifier and Power Turbine Performance Analysis Tests 

In addition to the new turbine airfoils and flowpath walls, the turbine exhaust diffuser will be 
new and must be evaluated, A rig program to achieve optimum power turbine performance 
(considering regenerator blockage) by proper exhaust diffuser geometry design will be conducted. 
This program will also provide as uniform a flow into the regenerator as possible to maximize 
regenerator effectiveness. 

Builds on tlie turbine test rigs will be initiated in the second year of the program addressing 
the 1132°C (2070 ®P) engine and continue through the fourth year of the program when the 
1241 “C (2265 ®P) turbine geometry will be completed. 

Engine Testing 


Three types of engine testing are planned in this program to accomplish the following; 

• Evaluate ceramic component capabilities in special, accelerated tests 

• Evaluate engine performance (specific fuel consumption, emissions, iiorsepower, 
component efficiencies, etc) 

• Evaluate durability of ceramic materials and other engine components operating with 
typical duty cycles encoimtered in buses and trucks. This endurance will be accumulated 
at advancing turbine inlet temperatures j^l033 “C (1900“P) to 1241 “C (2265 ®F)J . 
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Figure 36 is a summary of the engines planned in the program and target endurance hours used 
for planning purposes. In recognition of the fact that high-risk programs require adjustments 
to planning as progress shows either greater or less success than planned, adjustments to the 
proposed hours will be made as technical accomplishment, timing, and funds will permit. An 
objective of this program is to qualify ceramic components for introduction in a production 
engine program. The endurance hours sho^vn will provide the opportunity to address this 
objective. 

Figure 36 indicates that advancing turbine inlet temperature progresses from the current engine, 
1002®C (1835®F>, to the program target engine of 213 mg/W*h (0. 35 sfc) over the five-year 
period in definite steps. Each step is designed to provide increasing technology for a succeeding 
step in temperature and performance. This evaluation of technology should promote both early 
acceptance of ceramic components and an advanced temperature capability applicable to highway 
gas turbine engines. 

Work Breakdown Structure 


The recommended work breakdown structure (WBS) for the proposed five-year plan is shown 
in Table XDf. This WBS is the result of many iterations to provide a manageable and concise 
way of tracking the technical progress and financial expenditures by work packages. 
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TABLE XEK. WORK BREAKDOWN STRUCTURE 

1.0 Enginea 

4. 1 . 4 Power Turbine Nozzle 

1. 1 Design 

4. 1 . 5 Combustor 

1, 1. 1 Design Engine Modifications 

4. 1. B Turbine E^diaust Diffuser 

1. 1. 2 Design Two -Stage Metal Power Turbine 

4. 2 Procurement and Fabrication 

U I* 3 performance Analysis 

4. 2* 1 Gasifier Turbine Nozzle and Shroud 

1. 1-4 Support for Design* Fabrication, and Test 

4* 2* 2 Gasifier Turbine Blade 

1, 1, 5 Engine Controls 

4* 2. 3 Turbine Inlet Plenum 

1.1*6 Compressor 

4. 2* 4 Power Turbine Nozzle 

1*2 Procurement and Fabrication 

4*2.5 Combustor 

1*2-1 Engine Hardw re (none eramici 

4*2.6 Turbine Exhaust Diffuser 

1.2.2 Assembly Tools 

4. 3 Bench and Rig Tests 

1*2.3 Test Equipment—Instrumentation, etc 

4. 3. 1 Gasifier Turbine Nozzle and Shroud 

1. 3 Bench and Rig Tests 

4* 3. 1 . 1 Burner Rig Test 

1* 3- 1 Controls Bench Test 

4. 3. 1. 2 Vibration Test 

1. 3- 2 Tvfo-Stage Metal Power Turbine Vibration Test 

4. 3. 1. 3 Cold Flow Test 

1, 3* 3 Compressor Vibration Test 

4. 3*2 Gasifier Turbine Blade 

1. 4 Engine Assembly and Test 

4* 3*2* 1 Interface Material 

1. 4- 1 Hub Drive Regenerator Test Engine 

4* 3.2*2 Burner Rig Test 

1- 4. 2 1038°C (1900"F) Basic Engine— Design I 

4. 3* 2* 3 Vibration Test 

1* 4. 2. 1 Engine S/N C-1 

4. 3*2.4 Spin Test 

1* 4. a. 2 Engine S/N C-2 

4. 3. 3 Turbine Inlet Plenum 

1.4. 3 lOaS^C (1900*F) Basic Engine— Design II 

4* 3. 3. 1 Burner Rig Test 

1.4.3. 1 Engine S/N C-3 

4* 3. 3. 2 Vibration Test 

1 . 4. 3. a Engine S/N C-4 

4. 3. 4 Power Turbine Nozzle 

1. 4* 4 U3a"F (2070*F) Improved Engine 

4* 3. 4. 1 Burner Rig Test 

1*4* 4*1 Engine S/N C-5 

4* 3. 4. 2 VibraUon Teat 

1.4. 4. 2 Engine S/N C-6 

4. 3. 4. 3 Cold Flow Test 

1* 4. 5 1240® C (226 5 ®F) Improved Engine 

4. 3. 5 Combustor 

1*4.5. 1 Engine S/N C-7 

4. 3. 5. 1 Burner Rig Test 

1.4. 5. 2 Engine S/N C-B 

4. 3* 5* 2 Vibration Test 

1*4. 5* 3 Engine S/N C-9 

4* 3.6 Turbine Exhaust Diffuser 

1.5 Vehicle Test 

4. 3* 6. ! Burner Rig Test 

1.5.1 Engine S/N C-1 

4* 3* 6. 2 Vibration Test 

1. 5. 2 Engine S/N C-5 

5.0 Component Aerodynamic Research 

1.5*3 Engine S/N C-7 

5, 1 Test Equipment Design 

2*0 Ceramic Materials Development 

S* 1. 1 Compressor 

2. 1 Materials Characterization 

5* 1. 2 Turbines 

2* 2 Component Materials Qualification 

5. 1. 3 Turbine Exhaust Diffuser 

2* 3 Sl por aor Design* Fabrication, and Test 

S. 1.4 Regenerator Flow Distributiot 

3.0 Ceramic Regenerator 

5. 2 Rig and Test Equipment Hardware 

3. 1 Design and Development 

5.2*1 Compressor 

3. 2 Procurement and Fabrication 

5.2.2 Turbines 

3* 3 Rig Test 

5. 2* 3 Turbine Exhaust Diffhser 

3. 3* 1 Regenerator Hot Performance Big 

5. 2* 4 RegeneratoT’ Flow Distribution 

3*3*2 Seal Leaf Leakage Rig 

5. 3 Testing and Data Reduction 

3* 3. 3 Disk Internal LeaH^ige Rig 

5* 3. 1 Compressors 

3* 3, 4 Regenerator System Bench Testa 

5*3.2 Turbines 

4.0 Ceramic Combustor and Turbine Components 

5. 3* 3 Turbine Exhaust Diffuser 

4. 1 Design 

5. 3* 4 Regenerator Plow Distribution 

4. 1. 1 Gasifier Turbine Nozzle and Shroud 

6.0 Program Management 

4. 1. 2 Gasifier Turbine Blade 

6* 1 Program Management 

4. 1, 3 Turbine Inlet Plenum 

6* 2 Reporting Requirements 



TECHNICAL APPROACH 


This section is a description of the technical approach toward implementing the engine develop- 
ment plan. The ceramic component design and the design approach are discussed for each 
ceramic part, as are the metal component modifications. The aerodynamic component develop- 
ment details for the compressor, turbines, and exlaaust diffuser and the regenerator flow dis- 
tribution are also discussed. Finally, the details of the material aspects of ceramic component 
design including the materials development program are presented. 

CERAMIC COMPONENTS 

Regenerator System 

Although the regenerator system of the base line engine represents a highly developed aero- 
dynamic/thermodynamic component, substantial improvements in engine performance can be 
projected with continued development effort. The base line sensitivities presented in Table IV 
indicate that engine performance improvements can result from increased regenerator oper- 
ating temperature capability, increased effectiveness, reduced leakage, and reduced pressure 
loss. These improvements must also have inherently acceptable reliability/ durability character- 
istics. In addition, the regenerator disk mount and drive systems must be designed and developed 
to accommcdate significantly higher temperatures. 

Disks and Seals 

The five-year plan includes the development of a rim-driven ceramic regenerator system with 
a performance level matched with the 1241 ®C (2265“P) engine components to produce 213 
mg/W*h (0.35 Ib/hp-hr) sfc. At least two disk matrix geometries and two ceramic materials 
will be evaluated. 

The first year is devoted to demonstrating the feasibility of an alumina silicate (AS) regenerator 
featuring rim drive and hub support. The rim drive ring gear will be elastomer mounted. 
Performance will be compromised because of disk and seal size limitations dictated by the engine 
block casting. 

The hot seals to be used in the initial test activities will utilize a nickel oxide crossarm wear 
face and a graphite rim wear face. The maximum tempi hire capability of the regenerator 
system will be limited to 774 ®G ( 1425 "F) by graphite oxidation. 

The design emphasis late in the first and early in the second year will be on an improved-per- 
formance regenerator system plus improvements in the rim dx'ive-hub moimt system as indi- 
cated by previous testing. New technology will be incorporated into the seals, disk, and drive 
system. The performance improvements are planned to result from development of the thin- 
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wall AS material disk or a new rectangular matrix disk plus seal design improvements. The 
maximum temperature capability of the seal design will be 982®C (1800*F), which is adequate 
for operation of the 1241®C (2265®P)! engine^ Testing during the second year will evaluate the 
first year liardware. 

The design emphasis late in tlie second and early in the third year will be en performance and 
on achieving the 982®C (1800"^) maximum seal temperature capability. Performance im- 
provements will be explored witli a new ceramic disk rectangular matrix geometry and or 
flow area changes. A new ceramic disk material will also be evaluated. Any rim drive system 
modifications indicated by previous testing will be incorporated. 

Testing during the third year will evaluate die second year hardware. 

Design activities late In the third year will provide a second round of performance Improvement 
work. Two ceramic materials and matrix geometries will be evaluated along ivitli seal and 
drive system improvements indicated by third year rig testing. The 982" C {X80O"F) maximum 
temperature capability will be maintained in tile seal design. 

The design emphasis during the fourth year wiE he on defining the best performance configura- 
tion witli the best durability life at 982"C (1800"F) maximum temperature. Testing of tlie 
diird year hardware will be used to define tlie best ceramic disk material and matrLx geometry. 
Seal and drive system improvements indicated by previous testhig will be incorporated. 

During the fifth year, &ibrication and test evaluation of the fourth year design hardware will 
be accomplished, ending with an engine demonstration of 213 mg/W* h (0. 35 lb/hp"hr) sfe at 
1241 ®C (2265®F) turbine inlet temperature with a 982"G (1800"F) regenerator inlet temperature 
limit, ' , . 

Disk Drive and Mounting 


The dominant tasks involved in tlie design and development of a rim drive system for a ceramic 
regenerator disk are defined in terms of essentially two features, eacii of whlcii Is directly 
related to die disk rim gears first, the gear-to-disU attachment, and second, the support system 
for tlie gear and disk assembly. Tlie balance of the rim drive system, in contrast, is witliin 
the scope of experience in tlie base line engine development program, which includes a rim 
drive system for hub-mounted memi disks. (In anotlier variation of the metal disk/hub drive 
regenerator system used in tlie base line engine, testing of hub-di'iven ceramic disks will be 
conducted. ) 

The difficulty of satisfactorily attaching a peripheral gear to a ceramic disk is well known and 
arises primarily from two inherent characteristics of ceramic: its very low tliermal coeffi- 
cient of ejqmnsion and its lack of ductility, (These oliaraoteristics, in fact, must be tlioroughly 
addressed when ceramic parts are mounted in any metal engine parts subjected to elevated 
temperatures.) 
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Design of a gear' and disk assembly in wJiich a 360-degree band of elastomer is used as the attach- 
ment medium was begun. Elastomer appears promising as a short-^-term solution to tlie attacli- 
ment problem, but tiie capability of any elastomer to adequately retain its properties over ex- 
tended periods of engine operation at the significantly higher disk temperatures that will result 
from the sclieduled increases in turbine temperature is unimown* Early in the program, heat 
transfer, stress, and deflection analyses of tlie elastomer -bonded gear and disk assembly will 
be made to ensure the optimization of tlie initial design, Otlier attachnient concepts will be studied 
and ana^zed as Uieir merits may warrants then at least one alternate will be selected for test 
evaluation. 

Tlie selection of tlie best method of supporting tlie gear arid disk assembly, at the hub or rim, 
requires a careful trade-off study of several design considerations. A hub mount is attrac- 
tive because of its greater simplicity and resultant lower cost, but it imposes greater loads 
upon the disk matrix, which transmits both die pihion-^to -gear separating load and the weight 
of die gear and disk to die hub spindle. Tlierefore, a rigorous stress analysis of die disk 
matrix, particularly in die huh area, is t :4sential for determining die disk's tolerance for 
tiiese loads, in a rim mount system, die hub is essentially unloaded and the disk rim is not 
subjected to die pinion-to-gear separating load as in the case of a hub mount, except to the 
extent that the gear is distorhJd out of round by the pinion and/or the rim support rollers. 

In eidier support system, tlie disk matrLx is also subjected to stresses arising from diermal 
gradients and face seal friction, A rim support system requires more bearings (a pair for eadi 
rim roller), altiiough they are far more accessible for oil or grease lubrication than one in die 
hub, where a splierical carbon bearing is a leading candidate. 

The drive system will be affected by die scheduled increases in engine operation temperature 
in at least two areas: first, by the rise in die disk riih temperature, which is particularly 
significant in die case of an elastomer gear attacliment; and second, by the greater tliermal 
transients in the engine block and regenerator, insofar as they affect die center-to -center 
distance between die drive pinion and gear. Aldipugh the pinion and gear mesh will be rela- 
tively insensitive to tiie variations in tootli engagement that result from the diermal gradients, 
sufficient clearance must be provided to avoid interference at any time. 

Design studies Of the hub and rim support systems were started, but the hub support was 
selected as the best starting point for regenerator evaluation testing because of its much greater 
adaptability to the existing engine housing castings and also because of experience wldi hub- 
mounted disks. As a result, testing will begin earlier, and at less expense, tiian would be 
possible with a rim support system. Meanwhile, analytical work will proceed on botli systems; 
if die results indicate that a rim support system should be developed in addition to, or in lieu 
of, die hub support system, dien appropriate action will be taken. It is recognized, of course, 
diat the pertinent analyses may indicate diat die two systems are equally feasible, in which 
case the ultimate choice would be made on die basis of evaluation of test results (widi emphasis 
on durability) and/or cost comparisons. 
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Pour basic rim drive configurations will be designed and nnaly«ed* witli fabrication and syste- 
matic test evtiluation following as necessary, (These are designated as Designs "A, ** *’B, " 

**C, *' and *'D, ’*) These four designs I'epresent tlm drive combinations tliat are possible with 
two disk support designs (hub or rim) and two g«jar-to-disk attachment designs (elastomer or 
an alternate design yet to be sole r' J). Oti\or design variations in tlm drive system art? certain 
to be introduced ai^d/or some of tliese toxir eliminated as rig and engine test evaluation proceeds, 
bxxt tlxQse four are tlie major ones tlxat will receive attention at die onset of tim program. 


Design "A” - elastomer attadiment/hub support - has been selected as tlxe initial candidate for 
ibbrication and test evaluation in tlie regenerator rig and an engine. Design "B'* - elastomer 
attachment /rim support - will also be released for both rig and engine test evaluation, altixough 
tlie scope of tliat testing will be contingent upon the results of Design ”A" testing. For ejsunple, 
if tlie durability of die Design "A” drive system hub featui'cs are sufficiently promising (even 
diough design modifications may be necessary), testing of Design "B** may bo limited to the 
rig, or postponed. In any event. Design "C*’ will be released slioi'tly after Design ”B" to 
assure die timely availability of an alternate gear-to-disk attadiment diat avoids die use of 
elastomer. It will be adapted to eidier or botii die hub and rim support systems (resulting in 
Design "C" or Design "D, " respectively), dependhig upon tlieir development status. 

Ceramic Gasifier Nogale and Tip Sliroud 


Improvements in engine specific fuel consumption require significant Inci'cases in turbine inlet 
temperature. Substantial oxidation and sulfidation improvements foi' sniali metal gasifier noaalo 
vanes witii elevated turbine inlet temperature cannot be acliieved wldi currently Imown alloy and 
coating combinations unless elaborate cooling schemes are employed. Sensitivity studies Indicate 
tliat A 1% increase in gasifier noaale cooling air decreases engine sfc b 5 ' 0, 

Introduction of a gasifier ceramic vane will eliminate the need for cooling die gasifier nosale 
at cmn'ont turbine hilet temperature levels and also will permit escalating die turbine Inlet 
temperature levels as I'equired hi tiie progi'am. The ceramic gasifier noaalo scheme is dis- 
cussed hi diis report (see Figure 19). At present, it is anticipated tliat diis design sciieme can 
bo used as die turbine inlet temperature la escalated. Some revision will be required to ac- 
commodate flow path clituigDs and passible material cliangoa; however, the basic design sciieme 
offers sufficient fl^exiblllty to allow die design modifications for increased temperature to be 
based on design tost esporieuce. 

The introduction of a ceramic gasifier Up shroud is based primarily on die need to achieve 
improved gasifier TOtor clearance. Ceramic materials offer die advantage of liaving a low 
coefficient of tliermal expansion wlUcii consequently permits closer control of die ixihir tip 
clearance. Tlierefore, a ceramic rotor tip shroud combined wiUi an abradable coating permits 
major impi'ovements in the contixil of i*otor tip clearance over die current metal design. In 
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addition^ increases in turbine inlet temperature will also require eitlier improved materials 
and coatings for oxidation resistance or additional cooling air to maintain metal temperature 
near current levels . Use of a ceramic tip shroud will allow the scheduled increases in turbine 
inlet temperature witliout increases in shroud cooling air. The combination of improved rotor 
tip clearance and the ability of a ceramic sliroud to function without increases in cooling air 
will effect improvements in engine sfc. Ihe design sclieme selected for the ceramic gasifier 
turbine tip shroud is shown in Figure 19 and discussed in tlie study section of this report. The 
basic design selected can be used as die turbine inlet temperatures is increased. However, 
as was the case fbr the ceramic gasifier nozsle, modification will be required to accommodate 
'change in flow path size. 

The turbine general arrangement for the 1132°C (2070"F) engine is shown in Figure 20; that of 
tile 1241®C (2265®F) engine is presented in Figure 21. Examination of these arrangements 
shows that the gasifier nozzle and shroud concepts are similar to tlie design presented in 
Figure 19; the differences are related entirely to the flow path changes. The construction de- 
tails of the ceramic nozzle and tip shroud are described in tlie 1038°C (1900®F) study engine 
description earlier in this report. 

To gain experience with ceramic turbirie parts, the first two 1038®C (1900®F) development 
engines, designated Design I engines, will use modified versions of the ceramic nozzle and 
tip shroud described earlier. The first engine will be built and tested with a ceramic tip shroud 
and a base line metal nozzle assembly. The second engine will be built and tested with ceramic 
vanes installed in place of half of the metal vanes and a metal tip shroud. These designs are 
designated as individual ceramic tip shroud and individual ceramic vanes as opposed to the 
integrated ceramic tip shroud and vane assemblies used in tlie third and fourth 1038 °C (1900°F) 
engines, which are designated Design II engines. 

Ceramic Gasifier Turbine Rotor Assembly 


The primary benefit associated witli the incorporation of ceramics in the gasifier turbine rotor 
assembly is to permit increased engine cycle temperature levels without the associated severe 
penalties for rotor blade cooling using engine cycle air. Aerod 3 mamic blade shape penalties 
are also incurred when air cooling is applied to turbines in the small flow size of the base line 
engine. At temperatures above 1038 “C (1900 ®F), tlie gasifier turbine metal blade life is reduced 
rapidly, and beginning with the 1132®C (2070®F) engine, the blading temperature capability must 
be significantly up^aded. A new configuration will be designed which would have potential for 
development for tlie 1241 ®C (2265 ®F) application. Gasifier blade and disk temperature capability 
is significantly upgraded through the use of ceramic blades. 

A composite construction utilizing ceramic blades in a metal wheel was selected for this 
effort. A unitized ceramic rotor was considered to be beyond the scope of near-term ceramic 
capabilities at the rotational technology level of tlie engine. The rotor assembly is shown in 
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Figure 37, and a preliminary sketdi of tiie blade geometry Is showti in Figure 38. The ceramic; 
turbine blade shown incorporates a relatively conventional platform and stalk configuration witli 
a single lug dovetail. The stalk and dovetail are aligned witii tlie airfoil to minimize bending 
induced by centrifugal effects. The turbine blades are retained axially in tiie wheel by aeg* 
mented ring elements at botii tiie forward and rear wheel faces. These elements are retained 
to tlxe wheel by a coned pilot surface and by rivets. The segmented ring elements also seal 
tlie cavities between blades to prevent leakage of turbine working gas around tlxe blade row. 






I 






Figure 88. Ceramic gasifier turbhie blade. 
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The selected geometry for the blade can be provided from any of tlie ciu'rently available high- 
strength silicon carbide or silicon nitride matei'ials. Furtlier, any of the currently used pro- 
cesses, such as molding, slip casting, and "iso-pressing, " can be used to form the green body. 
Dimensional tolerance capabilities of many processes are not established, but tlie design can 
be macliined as required including madiining all over to meet required tolerances in develop- 
ment stages. 

The gasifier rotor design provides a disk geometry witli inherent advantages for improved 
cyclic life. Disk outei'most continuous fibers are not exposed to tlie gas patli, and tiiermal pro- 
tection is provided by the blades and blade retainer plates. This wiU significantly reduce radial 
temperature gradients and resulting stress levels during transient conditions. However, care- 
ful attention must be given tlie blade attaclunent dovetail design to provide adequate cyclic life 
in this area. 

Blade, attachment, and disk will be designed witli tlie same criterion used for tlie base line 
metal rotor (15, 000 hours useful life and with adequate cyclic life — assuming 7500 start-stop 
cycles and 37, 500 mn -brake -run cycles). This can be accomplished witli currently available 
design methodologies, A well developed computer program is available whicli can optimize 
tlie dovetail shape while recognizing a wide range of matex'ial ciiaracteristics, stress limits, 
dimensional limitations, and low cycle fatigue limits. Otlier tools including two-dimensional 
and three-dimensional heat conduction and stress analyses will be used. However, design cri- 
teria are dependent upon adequate statistical materials property data for botli metals and 
ceramics. Active pursuit of t!ie candidate ceramic materials characterization program is 
imperative if success is to be aoliieved in the blade and attachment design. 

Revisions in gasifier turbine airfoil shape and flow path radii will be required between the 
1132 “C (2070 ®P) and 1241 "C (2265 ®F) engine designs to obtain desk'ed performance levels. 
However, the same blade attacimient concept will be used in botli engines, and tlie experience 
gained in tlie 1132“C (2070®F) engine program will be directly applicable to tlie 1241‘*C (2265“F) 
design. 

To partially offset lnci*eased gas temperature effects on turbine disk temperature gradients 
and resulting thermal stress levels, disk cooling airflow rates are increased for both rotors 
as follows: 


Gasifier Disk Front Face 
Gasifier Disk Rear Face 


locate (isas^p) 

Base line engine 

0. 53% 

0 . 55 % 


1132“C (2070'’F) 
Engine 

0. 75% 

0. 50% 


1241-0 (2265-F) 
Engine 

0,89% 

0. 63% 


These Increased flow rates are included in the engine performance analyses. 
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Ceramic Power Turbine Nozzle and Tip Shroud 


The increasing temperature levels in the program necessitate a change to a ceramic inatei’ial 
in the power turbine nozzle assembly as the metal long-term oxidation limits are exceeded as 
establislied in the study section of this report. This change is required in the 1241 ®C (2265®F) 

engine in order to meet the 15, 000-hour life objective. A major redesign activity is scheduled 
to achieve a configuration that is compatible with the life requirements and avoids the perform- 
ance penalty associated witii the use of cooling air. 

The design win feature a two-stage power turbine with ceramic nozzles in both stages. The 
two-stage design is required to improve the power turbine efficiency, which is discussed 
subsequently. The maximum local (hot spot) gas temperattires at the first- and second-stage 
nozzles will be 1171 “C (2140 ®F), and 1082“C (1980®F), respectively, at design point conditions. 
These temperatures will increase approximately 55°C (100°F) at off-design operating conditions. 

The design will also feature ceramic power turbine rotor tip shrouds in tlie two- stage power 
turbine design. The ceramic tip shrouds allow improvement in rotor tip clearance and also 
eliminate the need for cooling a metal shroud. Both of these advantages translate into improved 
engine sfc. 

The scheme for the ceramic power turbine nozzle design is shown in Figure 21. The con- 
struction details are described under the 1204 “C (2200 ®F) study engine description earlier in 
tills report. This arrangement must satisfy the 15, 000-hour life criteria and the aerodynamic 
and vibratory constraints needed for a production engine. 

Ceramic Turbine Inlet Plenum 


The metal temperatures acliieved in tlie base line engine turbine inlet plenum have essentially 
readied the temperature capability for uncooled metals. The incorporation of surface boundary 
cooling in the plenum could extend its operating gas temperature capability to some intermediate 
level. Tills cooling would not represent an engine performance penalty if regenerated air were 
used. However, at the engine cycle temperatures of interest in this program, regenerated air 
is inadequate for cooling of the plenum. To avoid the engine performance penalty associated 
with the use of compressor discharge air for cooling, a ceramic turbine inlet plenum will be 
used. 

Figure 7 illustrates the gas temperature characteristics and indicates the metal plenum limits. 

A change to a ceramic plenum appears to be necessary at tlie 1038 ®C (1900 ®F) engine rating 
temperature to meet the 15, 000-hour life objectives because tlie plenum inner surface "sees'* 
engine rating temperature levels and tiie outer surface "sees" regenerated air temperatures. 
However, the ceramic plenum will not be introduced until the 1132“C (2070®F) engine because 
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of the risk associated with introducing a complex ceramic part early in the demonstration pro- 
gram. In addition, the life of the metal plenum should be adequate for the demonstration and 
scheduled durability of the 1038®C (1900°F) engine. 

The construction of a ceramic plenum has been conceived as sho\vn in Figure 20. The ceramic 
plenum is configured in three parts to facilitate withdrawal of the part or patterns from casting 
or molding tooling and also to diminish the part -induced thermal stresses. The construction 
details are described under tlie 1132®C (2070 ®F) study engine description earlier in this report. 
Initially, a metal combustor will be piloted on the OD of the plenum entrance, but in the final 
1241 ®C (2265 °F) engine, a ceramic combustor will engage the plenum opening. The unsup- 
ported combustor shell will impose a slight compressive load on the plenum inlet flange. 

Life of the ceramic plenum will be a function of the ceramic material oxidation /deterioration 
characteristics and ceramic material fracture characteristics resulting from the surface 
temperature distributions and mechanical stresses, neither of which can be adequately predicted 
at tins stage. During the program, tliis information will be developed along with the tools to make 
a life assessment. 

Ceramic Combustor 

The base line engine uses regenerated air (combustor inlet) to provide cooling to the combustor 
dome and walls by transpiration, using Lamilloy® * material. 

As the engine rating temperature is increased in tlie program, the temperature of the cooling 
air available for transpiration cooling of the combustor walls becomes a critical factor. Figure 
7 depicts this temperature characteristic and the associated values as limited by the metal 
temperature of the combustor walls. It is apparent that a change to a ceramic material is 
required at the 1241 ®C (2265 ®F) engine rating temperature. 

In addition, a continuous burning combustor is currently in development for the base line engine, 
which employs a pre-chamber to sustain combustion at very low ftiel flows. This combustor 
will diminish only slightly the engine dynamic braking capacity but will significantly reduce 
tlae thermal shock effects on the turbine and regenerator systems which resulted from the 
combustor relights. The low emission capability is also significantly improved witli tlie pre- 
chamber configuration. Therefore, tlie pre-chamber combustor configuration is introduced 
during tlie program. 

The technology for a ceramic combustor is not as well established, and this phase of the com- 
bustor development program will be more extensive. The ceramic combustor will be designed 
following accepted guidelines for the aerodynamic design of combustors. Thus, such concerns 
as reaction rate and heat release rate will determine the basic combustor size. Exliaust 


*Lamilloy is a registered trademark of tlie General Motors Corporation. 
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temperature pattern and requirements and emission requirements will govern the appropriate 
flow splits and pressure drop. In addition, the problems peculiar to the design of a ceramic 
combustor require substantial input in such areas as heat transfer and stress. Various regions 
of tlie ceramic liner will be modeled in order to determine transient temperature response. 
Particulsn* attention will be paid to die areas between holes in the combustor and to areas of 
ceramic and metal inter&ces. A finite element model, along with the heat transfer results, 
will be used in Order to predict the local stress distributions in the liner walls. Naturally, 
as changes in the design are made during development of the ceramic combustor, the results 
of these analyses must be reviewed. Hie design of the cerainio combustor must therefore be 
an iterative loop. 

The initial combustor for tlie 1241 ®C (2265“P) cycle will consist of a metallic structure made to 
the shapes and dimensions planned for the desired ceramic version. A ceramic combustor is 
not easily patched and reworked, as Is a metal combustor, so the slmtilated combustor will 
eliminate some of the difficulty in the transition from a metal (LamiUoy) combustor to a cera- 
mic combustoi>. This \vill permit elimination of any aspects in die design of the combustor 
which are incompatmie widi a ceramic design while reworking of the combustor is still rela- 
tively easy. 

When an acceptable design has been established with a lamilloy combustor, a ceramic combustor 
will be fabricated. This ceramic combustor will be rig tested and modified as necessary to 
establish a design sufficient for engine layout and design. While engine design is under way, 
combustor rig development will continue. This nine-month period will permit the neccssa » 

’’fine tuning" of the ceramic design to prepare it to run in the engine. Continued iterations 
of diese practices will he utilized diroughout die continued engine development and test pro- 
gram. 

A preliminary design of a ceramic combustor has been conceived as shown in Figure 22. The 
construction of this combustor is described in the 1371“C (2600“F) study engine configuration 
section of this report. It is anticipated tiiat the pre-cliamber combustor technology will be 
available for incorporation in the 1241?C {2265“F) engine, 

The principal difference between the metal and ceramic combustors will be in durability. Hie 
life of die ceramic version will be dependeht on surface temperature distribution (thermal 
gradients) and the ceramic material strength characteristics. At this time, there is insufficient 
information to make a life prediction, but die information and the necessary analytical tools 
will be developed during the prograin. 
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Ceramic Exhaust Diffuser 


The increasing temperature levels in the program necessitate a change to a ceramic material 
in the turbine exhaust diffuser as the metal long-term oxidation limits are exceeded. Figure 9 
shows the gas temperature characteristics and indicates the point at which the metal exhaust 
diffuser is limited. A change to a ceramic material is required in the 1241*^0 (2265“F) engine 
in order to meet the 15, 000-hour life obiective. It is important to note that the average temper- 
ature level of the exhaust diffuser at the engine rating condition is not limiting. The actual 
limitation arises at the off-design operating conditions when the radial temperature profile is 
superimposed on higher average temperature levels. In this situation, the splitters are par- 
ticularly vulnerable to local hot spots. 

A design scheme for a ceramic exhaust diffuser has been conceived as shown in Figure 21, The 
construction details are described imder the 1204®C (2200®F) study engine description earlier in 
this report. The walls are simple, annular shapes and are attached to the engine structure 
through keying arrangements to accommodate differential thermal growth. Splitters are incor- 
porated, as in die metal design, to improve the aerodynamic stability of the diffusing passage. 
The splitters are also mounted through a slot and post arrangement to accommodate thermal 
growth, 

Relatively high costs associated wxtii the cast ceramic diffuser members indicate that a compo- 
site construction using metal inner and outer ^valIs and ceramic splitter elements \vould be 
more cost effective. Gas temperatures are diminished along the walls by temperature 
profile effects whereas the splitters are exposed to the local gas temperature hot spot. This 
approach will be evaluated during the detail part design phase. 

Tlie size and shape of the exhaust diffuser flow passage will be designed to obtain optimum loss 
characteristics, and, consequently, a negligible performance change is anticipated. The life of 
tiie ceramic exhaust diffuser will principally be a function of the surface temperature and 
strength distribution of the ceramic material which cannot be adequately predicted at tlais stage. 
Information developed in the materials characterization effort and the use of elemental models 
will be combined to make a life assessment as the program progresses. 

OTHER ENGINE MODIFICATIONS 

Engine Controls 


The controls mechanization for the engines will bo similar to that currently applied in the base 
line engine. However, control modifications of two types are proposed for application to tlie 
elevated -temperature engines. 
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The initial modifications would alter only tlie control settings and dynamics. These changes 
along witli improvements in sensor capability will accommodate the needs for the 1038 “C (1900*F) 
and 1132 “C (2070 “F) engines. 

The control logic and parameters for the 1241 “C (2265 ®F) engine will be significantly different 
from those of tlie previous configuration because the high Q'cle temperatures will make direct 
sensing and closed-loop control of turbine inlet temperature impractical. Instead, the fuel 
limiting will -'uost probably be open-loop, based on the utilisation of burner inlet temperature 
along witii otlier engine parameters. The power transfer control may continue to be closed- 
loop, most probably based on controlling the regenerator inlet (power turbine exit) gas tempera- 
ture. Also, at this time, the basic electronic control mechanization would be of the micropro- 
cessor rather than tlie analog discrete component type. 

Gasifier Turbine Rotor for 1038 °C (1900 °F) JBngine 

The base line gasifier rotor will be used without change for the 1038 ®C (1900 ®F) engine. Gasifier 
blade inlet temperature is increased from 1002®C (1835®F) to 1038®C (1900“F). A preliminary 
review of turbine blade life potential indicates that the gasifier blade stress rupture life would 
no longer meet the design criterion of 15, 000 hours on a mission basis but would have approximately 
a 4500-hour life, which is considered adequate for the ceramic gasifier nozzle and tip slmoud 
development program. 

Cyclic life of tlie turbine disks ^vill be adversely affected by increased gas temperatures. How- 
ever, the disks are considered satisfactory for the desired program with minor revisions in 
cooling flow rates as follows: 

1002'C (lOSS^F) 

Base line engine 

Gasifier Disk Front Face 0. 53% 

Gasifier Disk Rear Face 0. 55% 

(% is percent of compressor mass flow) 

The increased flow rates are modest and are included in the performance analyses. 


1038“C (1900''F) 
Engine 

0. 64% 

0. 55% 


Power Turbine Nozzle for 1038°C (1900°F) and 1132°C (2070'*F) Engines 


Substantial oxidation and sulfidation improvements will be required for the current power tur- 
bine nozzle as the rated turbine inlet temperature is elevated to achieve the specific fuel con- 
sumption objectives. Some improvement can be achieved in long-term oxidation and sulfi- 
dation resistance by upgrading the power turbine alloy and combining it with a protective 
coating. The engine configuration rated at 1038®C (1900'*F) will have gas conditions tliat 
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produce power turbine nozzle metal temperature levels approaching 935®C (1715*F). The 
existing Hastelloy S alloy and design configuration is satisfactory* for use with this engine. 

The next step in turbine inlet temperature is to a level of 1132®C (2070®F), and metal temperatui’e 
estimates for the power turbine nozzle approach 1021®C (1870®F). This temperature level will 
not permit engine testing using the existii^ Hastelloy S hardware. However, engine operation 
at this temperature can be achieved by converting to an Improved material, such as Mar-M509 
alloy, with a corrosion-reslstant coating. In addition to the improved material and coating, 
long-term life (15, 000 hr) might require air cooling of the airfoils since the metal temperature 
predicted is approximately 39®C (70*F) higher than the current te;aperature level accepted for 
long life. 

Power Turbine Rotor for 1038®C (1900®F) and 1132°C (2070®F) I igines 

In the base line engine, the power turbine inlet design point gas temperature is 814®C (1498*F), 
which increases to 845“C (1554“F) and 938“C (1720®F) in the 1038“C <1900“F) and 1132®C 
(2070®F) engines, respectively. A preliminary review of power turbine blade stress rupture 
life potential indicates that life is more than adequate for the 1038®C (1900®F) engine and would 
have approximately a 7000-hr life in the 1132°C (2070*F) engine application. This is just under 
half the engine design goal of 15, 000 hr but is considered adequate for the development program 
involving ceramic components in other locations in the engine. Therefore, the base line power 
turbine rotor will be used without modlHcation in the 1038®C (1900*F) and 1132®C (2070*F) 
engines. 

Cyclic life of the power turbine disk will be adversely affected by increased gas temperatures. 
However, the disk is considered satisfactory for the desired program with minor revisions in 
cooling flow rates as follows? 


1002“C (1835®F) 1038®C (1900®F) 1132®C (2070“F) 

Base line engine Engine Engine 

Power Disk Front Face 0. 23% 0. 40% 0. 50% 

Power Disk Rear Pace 0. 15% 0. 22% 0. 33% 

(% is percent of compressor mass flow) 

The increased flow rates are modest and are included in the performance analyses. 

Two-Stage Power Turbine Rotor 

At a gasifier turbine inlet temperature of 1241 ®C (2265 ®F), the power turbine design point rotor 
inlet temperature will be 1040 ®C (1905°F). A significant change to the power turbine is re- 
quired because the base line power blade stress-rupture life drops to a very low level at this 
temperature. To accommodate required blade mcwal temperatures, a two-stage power turbine 


operating at reduced speed (and stress levels) will provide desired performance and required 
life without the use of ceramic blading* The power turbine rotor general arrangement for the 
1241 “C (2265 ®P) engine is aho^vn in Figure 39. 

The power turbine rotor assembly utilizes two integral disk and blade cast wheels whicli are 
cantilever mounted on a steel shaft. The second-stage disk is inertia welded to the shaft as in 
the base line power rotor. The first-stage wheel is centered by a hub pilot to the second-stage 
wheel and retained by multiple bolts to a continuous seal drum which is, in turn, bolted to the 
second -stage wheel. A continuous interstage seal ring is also secured to the first-stage power 
turbine wheel front face using the wheel mounting bolts. This construction was selected be- 
cause of its simplicity and does not alter the currently developed quill shaft and gasifier turbine 
wheel attachment or the power rotor shaft and bearing arrangement. Tentative materials 
selected for power rotor components include Waspaloy for the two seal rings and Mar-M246 with 
a corrosion -resistant coating for the two wheels. 

Power tm*bine rotor design criteria require a 15, 000-hr useful life and adequate cyclic life 
including 7500 start-stop cycles and 37,500 run-brake-run cycles. Designing for minimum 
production part cost (with such features as blade passage pullability) is emphasized. Other 
criteria involving blade vibration characteristics will be the same as observed in the base line 
engine design. 

Rotor disk face cooling flow rates have been tentatively selected for use with these parts and 
are included in the performance analyses. 



Figure 39. Advanced engine two stage power turbine rotor. 
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Combustor for 1038°C (1900 °F) and 1132°C (2Q70°F) Engines 


An analysis of combustor wall temperatures for a Lamilloy combustor has shown that existing 
technology is sufficient to permit the design, and development of metallic combustors suitable 
for use in the lOSB^C (1900°F) and 1132“C (2070’’F) engines. Because of the higher cycle 
temperatures in the 1132 °C (2070 ®F) engine, the Lamilloy for the combustor in that engine wiU. 
have to be made from a higher grade of stainless steel material, such as Haynes 188 or perhaps 
the new Ineoloy alloy MA 956. The design and development of the combustors for the 1038 “C 
{1900 “F) and 1132 ®C (2070 °F) engines will draw heavily on experience as well as existing 
technology, and these phases in the combustor development program will follow conventional 
design procedures. 

Engine Insulation 


Changes to the engine block insulation will be required to maintain the engine block metal 
temperatures at acceptable levels and to limit the engine heat rejection as engine cycle temper- 
atures increase. The existing engine block and bearing support housings are protected by in- 
sulating blankets and/or sheet metal liners. However, the regenerated air temperature which 
is exposed to the large combustor and forward block cavity is increased during the course of 
the program from approximately 704“C (1300'‘F) in the base line engine to 943“C (1730®F) 
in the 1241 °C (2265®F) engine, (These values are associated with the part-power operation of 
the engine. ) The block rear cavity, which contains the turbine exhaust gas, must accommodate a 
similar increase from 774“C (1425‘>F) to 983^C (1800 “F). 

Engine Block 


The engine block crossarm in the base line engine is exposed without insulation for a very limited 
surface area to the gas temperatures which prevail in the block forward and rear cavities— 

704°C (1300°F) and 774"’C (1425°F), respectively— at the engine power transfer operating condi- 
tion. A cored passage within the crossarm is provided to accommodate coaling air, which is 
supplied from the compressor discharge location, to diminish the block crossarm temperature. 


At the elevated gas conditions which will exist in the 1241 “C (226 5 “F) engine — 943 °G (1730 ®F) 
in the forward cavity and 982 ®C (1800 ®P) in the rear cavity— a separate facing member is expected 
to be required to isolate the block casting from direct contact with these gas conditions. This 
member must, in addition, be free to grow relative to the block to avoid severe induced thermal 
stresses and distortions. 

TTie engine block and regenerator cover crossarm lands are flat in this engine rather than con- 
toured since the ceramic regenerator disks do not exhibit the thermal expansion associated with 
metal regenerator disks. 


OJ 
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It is also anticipated that the engine block will require modification to accommodate a larger 
regenerator disk drive gear* Several factors are interacting to indicate this; 

• If improved disk matrix technology is not achieved, a greater disk effective flow area will 
he required 

• Regenerator seal face widths may need to increase to satisfy durability and leakage goals 

• The current skewing of passages in current ceramic disks leaves approximately 7. 6 mm 
(0.30 in,} of disk rim ineffective* 

9 If elastomer is retained for the gear-to-disk connection system, a substantial radial width 
may be required for thermal isolation of the elastomer* 

The initial program activities will permit an evaluation of these problems. 

The block may also require a change to accommodate relocation of the rim drive system in ecu- 
jTmetion with the cavity increase. 

AERODlTSfAMIC COMPONENT DEVELOPMENT 

The analysis program results indicated that a significant contribution in accomplishing the 
213 mg/W*h {0.35 Ib/hp-hr) objective of the 1241 °C (2265 ®F) engine would come from near-term 
component performance improvements, even though the contribution from any one component is 
small* Also, this engine win necessarily feature a flow path reduced in size from that of the 
current base line engine. As the flow path size becomes smaller, the scaling factors influencing 
compressor and turbine performance become more significant and must be given proper considera- 
tion if the desired component efficiencies desired are to be achieved. The factors infLuencing 
component performance can best be evaluated by rig testing. Consequently, the rig testing will 
include the compressor, gasifier turbine, power turbine, turbine exhaust diffuser, and the 
effect of the exhaust diffuser on regenerator flow distribution and effectiveness. The programs 
scheduled for each of fiiese components are described in more detail in the following paragraphs. 

Compressor 

Performance objectives for the 1241 ”C (2265 ”F) engine require improvements in component 
efficiency as well as an increase in turbine inlet temperature. Usable compressor efficiency, 
for instance, must be raised a full percentage point above that of the base line compressor. 

This increase in efficiency must be obtained in conjunction with a corrected flow decrease from 
1. 65 kg/s (3. 65 lb /sec) to 1*45 kg/s (3. 2 Ib/sec), A compressor redesign is required to 
accomplish these objectives. 

The compressor design effort encompasses a three-month period. This design period includes 
not only aerodynamic design but also stress analysis, dynamic analysis, and mechanical design. 
Fabrication of component rig test pieces including instrumentation will be completed in six 
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months. Eight more months will be devoted to testing and analysis to develop the compressor 
to its full potential, A total of six compressor builds are planned. These tests will include a 
new-design base line test, rematch as necessary, alternate diffusers, rotor exit yaw probe 
surveys of temperature pressure and angle, and, possibly, a rotor-only test, AH tests will be 
heavily instrumented to provide maximum diagnostic data on which to base further development. 

Continual compressor rig support at a reduced level is provided during the 1241 "C (2265 "P) 
engine demonstration activity. 

Gasifier Turbine 


The gasifier turbine development effort is directed toward evaluating size effects for the reduced 
flow path. Initially, aerodynamic analyses will be performed to establish a preliminaiy flow 
path for the 1241'’C (2265 “F) engine. A gasifier turbine rig wiU be designed and fabricated to 
permit early testing of the preliminary flow path components. The activities are scheduled to 
begin during the second year of the program and will allow the test results to be introduced into 
the initial design of the engine. 

Items to be tested are (1) rotor blade aspect ratio and tin clearance effects, (2) nozzle vane 
aspect ratio, (3) rotor blade and nozzle vane trailing edge thickness affects, (4) rotor blade and 
nozzle vane airfoil surface roughness effects, and (5) performance testing of the 1241 “C (2265 *’F) 
engine hardware. These test areas are outlined as follows; 

Rotor Blade Aspect Ratio Test and Rotor Clearance Test 

The objective of this test is to evaluate the cost versus performance trg'.de-off associated with 
reducing the blading aspect ratio (reduced number of blade, constant solidiiy) for the smaller 
size. Three aspect ratios would be tested on the new, reduced-siwe turbine rig to complete 
the size effect versus aspect ratio trade-off study, hi addition, the rotors would be tested with 
at least two different clearances. These data would then be used to perform trade-off studies 
and to provide the insight needed for possible turbine improvements. 

Nozzle Vane Aspect Ratio 


The objective of this- test is to evaluate the effect of nozzle vane aspect ratio (vary number of 
nozzle vanes while maintaining constant solidity) on turbine performance. Two different aspect 
ratios will be tested in the small engitte size. The data from this program would be used for 
correlation with the base line size hardware. These data will provide the information needed 
to perform trade-offs between endwall losses and Reynold number (size) effects on performance. 
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Trailing Edge Thickness Effect (Rotor Blade and Nozzle Vaxie) 


The objective of this test is to assess the effect of increased airfoil trailing edge thicUriess 
on aerodynamic performance. Currently, the effect of blade trailing edge thickness on perform 
ance is being investigated in the base line hardware program under other funding. This efftsrt 
will be extended to include the 1241 (2265 ®P) engine size hardware for blade as well as vane 

airfoils. The blade and vane will be tested separately and together. The information gaincid 
would provide the data needed to determine the aerodynamic design of ceramic blade and vane 
ti^ailing edge radii for engine hardware. 

Rotor Blade and Nozzle Vane Surface Roughness 


The objective of this effort is to evaluate the effect of airfoil surface roughness on aerodynamic 
performance and to provide the basis to correlate a boundary layer loss model with surface 
roughness. In the test program, the hardware from the f rograms described would be used, 
and the effect on turbine performance would be evaluated for at least two different surface 
finishes. The data from these two tests would give size effect and surface roughness effect 
turbine performance data that could be applied to the engine, 

1241 °C (226 5 °F) Engine Gasifier Turbine Test 


The testing as outlined for evaluating the size effects on turbine performance will be integrated 
into the engine design. This hardware will be tested in a rig to assess the aerodynamic per- 
formance. The data obtained will provide the basis for correlating the aerodynamic design 
tools with the performance obtained. This test will also influence the aerodynamic design for 
the engine redesign, scheduled in the fourth year of the program. 

Power Turbine 


The 1241 °C (2265 engine incorporates a two-stage power turbine. Aside from including the 
additional stage, the power turbine design will be smaller In size that that of the base line 
engine. The objective of this program is to provide aerodynamic data for the power turbine 
design that can be used to verify the design before committing it to the actual engine configura- 
tion. The effort would tie in the testing of the base line size single-stage power turbine design 
with the aerodynamic considerations for the two-stage 1241 °C (22G5®F) engine power turbine 
design. 

Rig testing will include the evaluation of two-stage turbine aerodynamic base line performance, 
rotor blade tip clearance, and airfoil resets. The initial two-stage turbine base line testing 
will be completed before the engine design and mil enstire that the aerodynamic techniques used 
have been correlated with test results. The program also provides for rig testing of airfoil 
resets prior to committing them to the final two-stage power turbine design. In addition to the 
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basic aerodynamic data obtained, the data can be correlated with the single-stage test data to 
identify at what point it is most advantageous aerodynamically to change from a single-stage 
to a two-stage power turbine. 

Exhaust Diffuser 


The power turbine exhaust diffuser performance is dependent on the inlet gas conditions exiting 
the power turbine and is also dependent on the downstream blockage effects from the regener- 
ator system. The program is consequently broken down into two distinct areas of investigation: 

(1) exhaust diffuser performance without downstream influence to achieve optimum power tur- 
bine performance and (2) exhaust diffuser performance to achieve optimum power turbine per- 
formance with the influence of the regenerator cover blockage. These programs are discussed 
here. A supplemental program to evaluate exhaust diffuser influence on regenerator disk 
effectiveness is discussed under the next subheading. 

The turbine exhaust diffuse^ must provide not only efficient pressure recovery but also proper 
hot gas distribution to the regenerator matrix. The objective of this program is to design and 
develop the turhine exhaust diffuser for the 1241 “C (2265 “F) engine. Initially, an exhaust 
diffuser will be designed and fabricated for the two-stage power turbine. This diffuser will be 
base line rig tested, and five iterations are expected to be made before the final exhaust diffuser 
configuration is determined. The configurations will be tested, using the two-stage power, 
turbine rig to more nearly simulate engine operating conditions. The combined effects of power 
turbine Mach number, swirl angle, and tip leakage will be evaluated because these combined 
effects influence the exhaust diffuser static pressure recovery. Following data analysis, a final 
design will be fabricated and tested with the redesigned (reset airfoils) two-stage power turbine. 

The data obtained j&?om this program mil provide the necessary input for the design of the turhine 
exhaust diffuser. 

The next test is to define the downstream influence of the regenerator cover on the turbine 
exhaust diffuser and power turbine system performance. Further, the program will he used to 
optimize the turbine exhaust diffuser and regenerator cover configurations that provide the 
best power turbine aerodynamic performance. This effort will complement the previously described 
exhaust diffuser work, hiitiaUy, a rig test will be conducted, using a two-stage power turbine, 
an exhaust diffuser, and a regenerator cover to determine the effects of the cover blockage. 

These data will be used to assess the cover influence on the flow redistribution in the exhaust 
diffuser and on the exhaust diffuser pressure recovery. Two subsequent modifications to the 
exhaust diffuser geometry will be tested with the reset two-stage power turbine to assess the 
final exhaust diffuser design. 


Regenerator Flow Distribution 


The regenerator effectiveness is influenced by the flow distribution into the heat transfer matrix 
from the turbine exhaust diffuser. Modifications in flow distribution to the regenerator matrix 
for improved regenerator effectiveness can influence the performance levels of the exhaust 
diffuser and power turbine. The objective of this program is to determine the regenerator per- 
formance with the two“Stage power turbine and exhaust diffuser configuration and to determine 
if improvements in regenerator effectiveness can be achieved without compromising the estab- 
lished turbine diffuser /power turbine system performance. 

The program effort will be closely related to the exhaust diffuser program. Initially, circum- 
ferential and radial pressure and temperature measurements will be made to map the regenerator 
disk core energy distribution. These data will be combined with known cold-side flow distribu- 
tions to determine overall regenerator effectiveness. Minor modifications to the flow distribu- 
tion will be made to optimize regenerator eifectiveness without compromising the established 
diffuser /power turbine system performance. 

DESIGN WITH CERAMIC MATERIALS 

The inherent characteristics and properties of ceramic materials differ sufficiently from metal- 
lic structural material properties to require special attention at all phases of the design effort. 

In some cases specifically different pza.ctices are necessary. 

The need for change in design practice is not a new phenomenon to gas turbine engine experi- 
ence. Materials use has continually progressed to lower ductility levels through the incor- 
poration of higher- strength steel alloys, superalloya, and high-strength titanium. The 
necessary changes in design methodology have addressed refined criteria definitions, im- 
proved fatigue characterization through Hnite element modeling and combined loading conditions, 
use of fracture mechanics technology, and application of probability/ reliabiEty practices. The 
advent of ceramic materials, therefore, represents a logical extension of these changes in 
the design disciplines. 

The detailed structural analysis techniques employed for final design evaluation are based on the 
finite element method. Finite element computer programs using plate, ring, and cube elements 
for efficiently and accurately analyzing gas turbine components are available. Ihe ability to 
adjust the finite element size from the small elements needed in areas of high stress concen- 
tration to large elements in lower stress areas results in a considerable reduction in analytical 
effort without a sacrifice of accuracy. Automated model generation and output plotting features 
are used extensively to facilitate rapid evaluation of candidate designs. Hiese basic element 
types are employed for modeling engine components, depending on their geometric character- 
istics. Many of the critical components can be accurately analyzed, using the two-dimensional 
plate or ring elements; however, the three-dimensional cube element is required for complete 
general modeling of geometric shapes and loading conditions. 
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The established metallic materials quality control practices and their relatively large critical 
flow size at low stress levels usually permit design optimization activities to concentrate on 
the reduction of part-peak stresses. However, the greater flow sensitivity of ceramic materials 
and their generally greater strength variability requires that design activities for ceramic parts 
must consider flaws of significant size even in low-stress areas of the parts. Therefore, design 
failure probability evaluations of ceramic parts must address the stress distribution of the en- 
tire part. Comparative designs can most easily be assessed by comparison of a failure 
probability value on risk of rupture index associated with the entire part. Design procedures 
will be evaluated to provide a direct coupling of the existing finite element model stress output 
with the ceramic material volume /stress /probability and surface area /stress /probability 
characteristics to provide the desired risk of rupture distribution and part index. 

A design procedure for general application to aU of the ceramic components in the program is 
available. The plan begins with the identification of appropriate backgretmd data and progresses 
through the preliminary design, detail design, and fabrication/test phases. A continual information 
exchange is maintained with the materials test program and nondestructive inspection (NDI) 
program. Iterative design loops are used to provide direct feedback of test data and results to 
the analytic activities and thereby provide for revision of geometric configurations. 

The parametric studies conducted as a preliminary design activity are used to establish iie 
sensitivity of component dimensions, material properties, environmental factors, and part 
functional requirements on part stress, life, or cost objectives. Thus, the critical parameters 
or parametric combinations can be identified and component preliminary design activities can 
be rapidly converged to optimization. If revised engine or component operating limits are im- 
plied, their sensitivity can also be evaluated. 

Component design criteria, critical analysis conditions, material selections, and a geometric 
configuration are all defined from the preliinlnary design activities to initiate the detail design 
effort. Materials test and NDI programs are also defined to ensure that proper emphasis is 
placed on the identified critical parameters. 

A component heat transfer analysis, using finite element modeling techniques, starts the detail 
design analytic activities. The output from this model is then incorporated in similar finite 
element models for determination of stress and deflection, critical flaw size/location, and 
permissible initial flaw size. The necessary materials properties for these analyses are con- 
tinually updated from the materials test program. Also, component data obtained from rig and 
engine tests can be fed back through these analytic models for correlation of the analytic tech- 
niques. Ibis feedback provides improved analytic predictive capability for evaluation of subse- 
quent geometric configurations and environmental conditions. The flaw size/location informa- 
tion generated can be used for revision of the NDI program. 
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In the component fabrication and test phase of the plan, the ceramic specimens and components 
are initially subjected to materials and NDI testing for verification of desired properties, cliarac- 
teristics, and quality. However, the initial rig or engine test for some components may be 
performed with a metal part fabricated to simulate the characteristics of the ceramic component. 
This practice wiU permit the evaluation of selected critical environmental situations without 
major risk to either the siniulated ceramic component or other rig or engine parts, Pr{)of 
tests will be defined to simulate the part limiting operational conditions, and parts will he proof 
tested for quality segregation prior to functional rig or engine testing. 

Evaluation of Regenerator Disk and Seal Materials 

The regenerator design plan requires that materials development work be conducted to assist 
in component development and evaluation of a rim drive ceramic regenerator disk and seal system. 
This support will address the needs in the following areas: 

• Experimental test aiid evaluation 

• Materials and processing - engineering design 

• Component fabrication - shop/ inspection 

• Failure analysis 

A detailed description of the five-year program plan is given in the following paragi*aphs. 

• First year — The current ceramic disk hot seal (nickel oxide/calcium fluoride (NiO/CaFg) 
hot crossarm, graphite rim wear face) is temperature limited in the rim area to approxi- 
mately 774 °C (1425 ®F) by graphite oxidation. 

During the first part of this period various mixtures of plasma-sprayed NiO/ CaF2 coatings 
will be lab evaluated on the friction and wear test rigs to determine their suitability as a 
high- and low-temperature (to replace graphite) seal wear face material. Rig testing of the 
various mixtures will be evaluated against the alumina silicate (AS) 152-mm (6 in. ) regen- 
erator disk triangular matrix. The materials having the best coefficient of friction at 
various temperatures and good wear properties will be Implemented into the design of full- 
scale hardware. Thermal stability tests will be conducted on "selected" coating/wear face 
materials over various substrates in the evaluation of a coating-to-substrate compatibility. 
The details for the test parameters, specimen configuration, and test rig descriptions for 
the aforementioned tests are presented following the program plan review. 

• Second year — The materials and design emphasis in the second year will be on an improved- 
performance regenerator system. The maximum capability of the seal design will be 982 “C 
(1800®F). In addition, improved performance resulting from the development of the thin- 
wall AS ceramic disk is planned. The thin-wall AS disk matrix will be friction and wear 
tested and evaluated against the "current selected" seal -wear face material. Evaluation of 
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• Third year — The seal -wear face materials evaluation and design emphasis during this period 
will he on obtaming improved performance and obtaining a maximum seal capability of 
982'C (laao-F). 

Performance improvement plans are to evaluate and incorporate (1) a new ceramic ma- 
terial (probably magnesia alumina silicate — MAS) in addition to the AS disk, (2) a rect- 
angular matrix geometry, and (3) flow area changes. Sufficient lab testing of materials, 
disk, and seal systems will be conducted to assist the design and implementation of full- 
scale hardware. 

• Fourth year — This period of work effort calls for defining the seal material and disk 
configuration that will give the best performance and durability at 982 “C (1800°F). Materials 
Engineering support will continue to address the needs of the program plan. 

• Fifth year — Assistance in the fabrication, inspection, and test evaluation of the fourth year 
design hardware will be accomplished, resulting in an engine demonstration of 213 mg/W*h 
(0.35 Ib/hp-hr) sfc at 1241'’C (2265“F} turbine inlet temperature and regenerator inlet 
temperature of 982 “C (1800 "P). 

Initial Friction and Wear Test 


All initial friction and wear testing during the scope of this evaluation will be conducted on 
seal-wear face materials over a temperature range of 204 “C to 982°C (400“F-1800°F) at 
sliding velocities of 6.4 and 32 m/min (21 and 105 ft/min) with normal forces of 69 kPa (10 psi). 
In addition, long-range wear rates for each candidate coating during the first year will be estab- 
lished at temperatures of 316 “C and 774 “C (GOO^P and 1425“F) at 32 m/min (105 ft/min) sliding 
velocity and 69 kPa (10 psi) load. Pending design requirements, wear rates at temperatures up 
to 982 “C (1800 °F) will also be conducted on selected wear face materials. 

Thermal Distortion and Warpage Test 


Thermal distortion and warpage tests of various coating systems will be conducted in duplicates 
in the evaluation of a coating-to-substrate compatibility at preselected test temperatures. The 
material systems will be subjected to a maximum of six heating and cooling cycles over a 
temperature range of 21 “C to a maximum of 982 ®C to 21 “C (70 “P to 1800 ®P to 70 “P) for the 
measurement of possible deflection at various test temperatimes. After each cycle, total war- 
page of the coating-to-substrate system is measured and then retested up to six cycles or when- 
ever stability occurs. 

Materials Selection-Turbine Flow Path Parts 

In selecting candidate ceramic materials for application in the turbine flow path, four criteria 
must be met: (1) mechanical* physical and chemical properties must be compatible with com- 
ponent design requirements, (2) materials must be definable to allow processing parameters 
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to be frozen during component development, (3) material must be fabricable into complex 
shapes with a minimum of diamond grinding, and (4) a competent manufacturing source must be 
available. Using these criteria, tentative materials selections have been made for use in the 
1038“C (1900°F) and 1132‘’C (2070“P) engine phases. These selections are shown in Table XX, 
along with probable green body fabrication techniques. Also included are some of the emerging 
materials which will be factored into the program as they mature. 


TABiLJS XX. CANDIDATE CERAMIC MATERIALS TURBINE FLOW PATH 

Component 

Material 

Fabrication Technique 

Vane Assemblies 

RB SiC 

Transfer Molding 


RE SigN^ 

Injection Molding 

Turbine Tip Shroud 

RB SiC 

Compression Molding 


MAS 

Isostatic Pressing 

Blades 

Sintered -- SiC 

Transfer Molding 

Plenum 

RB SiC 

Slip Casting 


Impregnated SiC 

Slip Casting 

Emerging Materials 

CNTD Sic 

Gas Phase Deposition 


Sintered Si 3 N 4 

Molded, iso static, etc. 

j 

SiC/C composites 

Molded, isostatic, etc. 


Materials Testing and Evaluation Program 


A complete characterization of the mechanical, physical, and chemical properties of candidate 
ceramic jnaterials is an absolute requirement for the effective support of the component de- 
velopment tasks. Such a program consists basically of five subtasks: 

• Generation of material properties including thermal expansion, thermal conductivity, 
specific heat, elastic modulus, Poisson's ratio, and strength required to employ a linear 
elastic probabilistic approach to structural design 

• Generation of tim®~dependent properties including thermal fatigue, creep, and crack propa- 
gation characteristics with emphasis on the probabilistic nature of these properties 

• Evaluation of environmental effects including oxidation, hot corrosion, and erosion which 
could cause property degradation of candidate materials during long-term use 

• Development of the relationship between material structure and mechanical properties with 
special emphasis on establishing the size, type, and distribution of strength-limiting defects 

O Development of high->resolution inspection technique to detect critical size defects in 
candidate ceramic materials ' 



A program of this scope should be applied only to mature materials whose processing is suf- 
ficiently well established to justify freezing all process parameters for the duration of a 
component development phase. Newly emerging materials, however, will be continually moni- 
tored in a timely &shion and factored into the program as appropriate. 

During the first year, data will be generated in four materials — RB SiC, RB Si 3 W 4 , MAS, and 
sintered SiC — to a temperature of 1149“C (2100 ®F) and in sufficient depth to support the design 
effort for a functional vane/shroud assembly for the 1038*0 (1900 °F) engine and the initial faladt 
studies. Characterization to 1371 °C (2500 “P) will be completed for all four matemals during 
the second year. In addition, a subtask to develop new nondestructive evaluation (NDE) 
techniques will be started during the second year. During the third year, two more mature 
materials will be completely characterized for application in the 1241 “C (2265 "P) engine. 

Also, the NDE will continue. In the fourth year, a final mature material will be evaluated for 
use in the final iteration of the 1241 “C (2265 “F) engine. The NDE development program should 
be completed. Finally, in the fifth year, selected materials will be examined at temperatures 
to 1538 *C (2800 *F) in an effort to assess the feasibility of raising turbine inlet temperature to 
1371 “C (2500 “F). 

The following are detailed descriptions of the testing procedures to be applied. A summary of 
the NDE development program is also given. 

Thermal Properties 

Thermal conductivity, thermal expansion, and heat capacity will be measured from room temp- 
erature to the expected flow path hot spot temperature. 

Specific heat will be determined, using a Bunsen ice calorimeter in which heat given up by the 
specimen melts ice which is in equilibrium with outgassed distilled water in the closed calori- 
meter well. Mercury enters the system from an external weight accounting source to make up 
the change in volume. The weight of the mercury making up the volume change is directly 
proportional to specimen enthalpy or heat liberated by the specimen when cooling from an ele- 
vated temperature to the ice point. The values of the changes in enthalpy and temperature can 
then be used in calculating the specific heat. 

Thermal conductivity will be determined from thermal diffusivity measurements, using the flash 
laser technique. In this technique a thin, disk-shaped specimen is positioned in the isothermal 
zone of a furnace and the front face is heated by a short-duration laser pulse. As the heat pulse 
travels through the specimen, the back face temperature rise is recorded as a function of time. 
This temperature -time history is directly related to thermal diffusivity. Thermal conductivity 
can then be calculated from the values of thermal diffusivity, specific heat, and density. 
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Thermal expansion studies will be performed, using a direct-view dilatometer. The expansion 
and contraction of the test specimen are measured directly by tracking, during heating and 
cooling, die relative displacement of fiducial marks on tantalum end caps located at both ends 
of ihe specimen. To calculate expansion, the total expansion of end caps and specimen is cal- 
culated, after which the end cap expansion, obtained by previous dilatometer measurements, 
is subtracted from the total expansion. 

Elastic Properties 

Longitudinal and shear moduli and Polisson's ratio will be measured over the range of room 
temperature to the expected flow path hot spot temperature. Elastic properties will be measured 
by a thin-wire untrasonic pulse-echo technique. In this measurement technique, the test sample 
is attached by a long, thin wire to a modulus transducer that is capable of generating and detect- 
ing longitudinal and torsional waves. The sample is suspended in a furnace and excited by the 
transducer. The extensional and torsional wave velocities are measured independently, and the 
respective moduli are computed. Poisson's ratio is then calculated by elastic theory. 

Material Strength 


Strength and Surface Finish 

The primary objective of this subtask is to establish the relationship between strength and sur- 
face finish for each ceramic material to estEiblish the finish requirements for machined surfaces, 
particularly for blade attachment areas. In addition, an in-house ceramic manhinirtg capability 
is desirable for expediting the rework and alteration of components where necessary. 

Preliminary grinding and cutting parameters for all candidate ceramic materials will be es- 
tablished from (1) available literature and (2) contacts with appropriate equipment and materials 
vendors. Initial studies will include j^brication of round rods and rectangular beams of each 
material, using a range of grinding parameters. Subsequently, the surfaces of each rod or beam 
wiU be characterized to establish surface finish and extent of damage. Specimens will then be 
tested to failure and subjected to fracture surface analysis. The results of these tests and 
analyses in conjunction with surface finish measurements will be used to arrive at grinding 
procedures for eacli of the candidate ceramic materials. 

Material Defect Strength Distributions 

In order to specify the probability of failure of a component subject to a given stress state or 
equivalently establish the maximum design stress at a specified level of reliability, a knowledge 
of the material defect strength distribution per unit voliune is required. Such information, of 
course, is derived from experimentally measured fracture probability data. The usual approach 
has been to empirically correlate measured data, generated on a simple test configuration, with 
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a selected distribution function (e. g, , the Weibull^ power function), and then extrapolate to large 
complex geometries and low stress levels to obtain component failure probabilities. Such 
practices have seldom met with success. This should not be altogether unexpected because, 
aside from the difficulties associated with extrapolation to stress levels well below the range 
of measured values, defect populations in ceramics are quite often found to be multimodal^ 
and, clearly, a single distribution function, such as that proposed by WeibuU, cannot effectively 
describe the statistics of fracture under these circumstances. 

Fortunately, work is now appearing in the literature^** which suggests that the required defect 
strength distributions can, in fact, be obtained directly from measured fracture probability data 
and a knowledge of the location of the fracture controlling flaws without resorting to assumptions 
about the nature of the distribution function. Note that even with the validation of such tech- 
niques, extrapolation to stress levels below the range of measured data (i. e., low failure proba- 
bilities) is still prohibited because such extrapolations can yield unconservative estimates of 
component failure probabilities* This aspect can be minimized only by obtaining fracture 
probability data on specimens of relatively large volume or by testing a large number of speci- 
mens. The former approach is adopted in the following program. 

To establish the required defect strength distributions (and, simultaneously, the applicability of 
the WeibuU power function), a program is planned to (1) measure fracture probability data for 
a wide range of specimen sizes and (2) establish fracture origins for each specimen, where pos- 
sible, through SEM fractographic analysis* These data will be analyzed in light of the afore- 
mentioned statistical techniques to arrive at valid defect strength distributions for each ma- 
terial given serious consideration in the component development efforts, bi all, four specimen 
geometry-loading arrangements will be used: three- and four-point loading of rectangular beams, 
uniaxial tensile testing of cylindrical rods, and burst testing of rectangular cross section rings. 
Fifty specimens of each arrangemeut will be tested to ensure a statistically significant sample 
size. These four arrangements should cover a sufficiently wide stress range to be appropriate 
for most of the components under consideration in this program. 

During the first year, the initial four candidate materials will be evaluated in four-point bending 
at room temperature and at two elevated temperatures. Test temperatures will be determined 
individually for each material from expected component operating temperatures in the 1038 “C 
(900®F) engine. Testing of the remaining geometries will be completed in the second year. 

Note that where strength is changing rapidly with temperature, sufficient additional testing to 
in the curve will take place. In this case, however, sampling size will be kept to a level 
(15-20) sufficient to determine mean strength values only. 

Prior to testing, all specimens Y/ill be rigorously inspected. All specimens will be radiographed, 
examined with dye penetrant techniques, and scrutinized under a low-power light microscope. In 
addition, density and surface finish will be measured. Selected surfaces will also be examined 
in the scanning electron microscope. 


Where possible, all testing will be instrtmiented with transducers so that acoustic emission sig- 
natures can be recorded. This information is not only useful in establishing material failure 
mechanisms but also important in accessing damage to components during proof testing. 

Effect of Environmental Exposure on Material Strength 

Bend specimens of each of the candidate materials will be exposed to an oxidizing environment 
for extended periods of time at two diff erent temperature levels. The temperature levels for 
each material -wdH be selected on the basis of preliminary oxidation measurements derived 
from (1) differential themml analysis and (2) component operating temperatures. After exposure, 
bars will be tested to failure. Subsequently SEM techniques Tvill be used to evaluate surface 
oxide character and fracture surface topography so that strength degradation, if any, can be 
related to critical microstructural features. Such information, in the case of degraded materials, 
is expected to lead to rational alterations in chemistry and/or structure so as to obviate the ob- 
served strength reductions. 

Lot-to-Lot Material Strength Variability 


Because the cbeTni oal properties of brittle materials are expected to have a general sensltivily 
to slight variations in raw materials and processing procedures, the lot-to-lot variability will 
be assessed for all materials for which design data are to be generated. This will be accom- 
plished by febricating separately and independently at least three lots of bend bars for each 
material of interest. Each lot will contain at least 5C specimens to ensure a statistically sig- 
nijBlcant samplin g size. Testing at room temperature wiU minimi ze the cost. AH specimens 
will be fractograpfaically analyzed to establish relationships between fracture stress and the 
size and nature of the defects causing failure. These data wHt be analyzed, along with the data 
developed initially in the subtask, using the appropriate statistical techniques. 

Stress Intensity Factor/ Crack Velocity 

All candidate materials will be experimentally examined to assess whether a slow crack growth 
mechanism is the dominant time-dependent feilure mechanism. The stress intensity factor 
can then be calculated. 

Creep Rupture 


The creep mpture properties of candidate materials will be measured, A direct tension test 
will be used to generate the required data. The use of such a testing procedure is required by 
the fact that valid creep data can be generated only when a statically determinate stress distri- 
bution is developed within the test specimen. For this reason, other samples and less expensive 
tests (e. g. , bend testing) are not applicable. 


Thermal Fatigue 


The thermal fatigue behavior of candidate airfoil materials will be established in an operational 
fluidized bed test. In this test, a wedge-shaped specimen is cycled between fluidized beds 
maintained at different temperatures. Transient thermal stresses which simulate those found 
in airfoils are thus generated within the specimen. 

A three-dimensional finite element transient thermal stress code is used to relate the stress 
state developed in the test specimen to the difference in bed temperatures. Thus, by selecting 
the proper bed temperatures as determined by thermal stress code, any desired transient can 
develop in tlie test specimen. 

Micro structure and Fracture Topography 


The micro structure of ail candidate materials will be documented by both optical EMS and 
SEM micrography. Fracture surfaces of all test specimens will be examined and characterized 
in the scanning electron microscope. Such micro structural analysis will be used to establish 
both a structure/ property relationship for the candidate material and a base line for hardware 
fe.ilure analysis. 

Evaluation of Abradable Tip Seal Materials 


A viable abradable seal material must not only demonstrate acceptable abradability, it must 
also possess sufficient resistance to hot gas and particulate erosion, thermal shock, and oxi- 
dation, Because these requirements oppose each other, trade-offs must be made so that 
an acceptable balance of properties is achieved. This task is designed to supply the data re- 
quired to make the necessary trade-offs. 

Oxidation and Corrosion 


Viable ceramic turbine materials must possess long-term resistance to highly oxidizing environ 
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merits which contain alkali metal and sulfur bearing compounds. Work by Ervin has shown 
that the oxidation of silicon carbide in the presence of alkali metal glasses (e. g. , Na 20 • 4Si02) 
can be accelerated as much as a hundredfold. 


Work in this laboratory, using a standard crucible test as developed for superalloys, has shown 
that silicon carbide can be strongly attacked by molten salts containhig lSfa 2 S 04 . More recently, 
Tressler et al.^ have shown similar results for commercial grades of reaction-sintered and 
hot-pressed silicon nitride and silicon carbide, with the carbide suffei-ing catastrophic attack. 
In-house work at DDA, on the other hand, has shown that preoxidized hot-pressed and chrome 
oxide-bonded as well as hot-pressed silicon nitride with large amounts of MgO are unaffected 
by molten NaS 04 -NaCl salts. Further, thermogravimetric study, using various S02/SOg ratios 
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in a nitrogen/oxygen mixture, has shown that after a short period of time the oxidation kinetics 
for hot-pressed silicon carbide over the temperature range of 982-1371®C (1800-2500 ®F) were 
equivalent to those in pure o:i^gen. This suggests that for this material, at least, high- 
sulfur fuel will have little effect on component performance. 

Clearly, the effect of sulfur and alkali metals in the oxidation characteristics of turbine ceramics 
is poorly understood. Available information suggests that serious degradation of some materials 
could occur in the presence of these elements. Thus, a program to evaluate the effect of these 
elements on long-term oxidation is in order. 


The task planned for this program will include two phases. In the first phase, a preliminary 
thermogravimetric study of all materials will be conducted to establish the sensitivity oxida- 
tion rates to various levels of sulfur and alkali metal compoxmds. The second phase will follow 
up with burner rig testing of suspect materials under conditions which will closely simulate the 
environment to be encountered by actual components. 

Quality Assurance of Ceramic Components 


Because ceramic materials are highly probabilistic in nature, design stresses are very sensitive 
to allowable risk and degree of material variability. An extensive quality assurance program 
is therefore essential to the successful utilization of ceramic materials in gas turbine engines. 
Such a program has two primary objectives: 

• Reduction of property variability 

• Early rejection of defective components 

These objectives will be accomplished by implementation of a highly detailed nondestructive 
and destructive evaluation program. 

Nondestructive Evaluation Program 


The nondestructive phase of the quality assurance will be applied in four distinct stages as 
shown in Figure 40. 

• Raw Material and Process Control — The fabrication of ceramic components must be closely 
controlled so that repeatable properties, insofar as possible, CEin be consistently obtained. 
Factors requiring control include: chemistry, particle size, shape and distribution, binder 
chemistry and content, open body processing parameters, and sintering time, temperature, 
pressure, and atmosphere. The primary burden for this task lies with the ceramic producer. 
All manufacturers selected to fabricate components will be required to maintain complete 
traceability records for all hardware and test specimens produced. This will allow the 
complete and detailed processing history, starting with the raw materials characteristics ’ 
for specific individual components, to be examined as required. 
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Figure 40. Major categories of quality assurance of ceramics. 


• Gross Defect Detection — Normal nondestructwe techniques will be used to find gross cracks, 
voids, and inclusions. The techniques to be used are very well known and will require little 
adaption for use with ceramic materials. However, the resolution limits of these tech- 
niques are well above the critical flaw size (10-100 p.) for ceramic materials. Thus, addi- 
tional inspection techniques with increased resolution are required. Such techniques, in- 
cluding ultrahigh frequency ultrasonics, will be developed under a separate task and fac- 
tored into the program as success dictates. 

• Nondestructive Property Measurement — To assess variations of chemistry, density, and, 
in some cases, microstructure, property measurement techniques will be used. These 
techniques including ultrasonic velocity, ultrasonic attenuation, and density variation are 
widely known and have been successfully applied to ceramic systems in the past with good 
results. An additional technique potentially germane to ceramic material is being proposed: 
holographic interferometry during thermal as well as stress transients. This technique 
will be evaluated under a separate task and factored into the program as success dictates, 

• Proof Testing — Becaiise of the insufficient resolution of currently available defect detection 
techniques and the formidable difficulties in predicting component strength at realistic 
reliability levels by extrapolation of measured fracttire probability data, proof testing is 
required to establish maximum defect sizes and thus an upper limit to component failure 
probability. To this end, all components will be proof tested prior to rig and/or engine 
testing. Tests designed to apply realistic loadings under simulated hirbine environmental 
conditions wiU be used where possible. For example, in the case of inlet guide vanes and 
blades, a pressurized hot gas cascade facility will be used to induce thermal stresses to 
levels in excess of those expected to result from the most severe engine transients. 
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In addition, blades, because of the requirement of high- load-carrying capability, will be subjected 
io centrifugal and vibrational loading in specially designed spin and vibration tests. Further, all 
ring structures including turbine tip shrouds will be proofed with an internal pressurization 
test, using a rubber membrane and .lydraulic fluid. Acoustic emission techniques will be used 
where possible to assess damage during proofing by comparing acoustic signatures with those 
measured during the laboratory mechanical property investigations. 

Destructive Evaluatioa 

Bend strengths of components will be evaluated from specimens either processed simultaneously 
with or cut directly from actual hardware. 

Sampling size will be sufficient (30-50 specimens) to develop statistically significant data. In 
addition, selected components will be tested to failure during proofing. Fi*acture surfaces of 
all specimens and components will be examined to establish, where possible, the types and sizes 
of defects causing failure. The microstructures of all hardware will be examined hi detail, 
using available EMS, SEM, and EMP techniques. The sum total of the information generated 
will be compared with that developed from laboratory test materials from which design data were 
obtained in an effort to assess expected component reliability and performance. In addition, 
this information is crucial to the successful evaluation of the results of component rig and 
engine testing. 

Failure Analysis of Ceramic Materials 

Material failure analysis is a requisite part of any program promoting the use of a "new" class 
of materials. It is especially meaningful with brittle materials because of the statistical nature 
of expected feilures. Analysis of hardware failures allows the separation of poor design from 
material insufficiencies, defects, or improper febrication procedures and suggests the appro- 
priate corrective measures. Analysis of laboratory test specimens yields information on the 
detailed mechanisms which control the response of a given material. Such information gives 
insight Into ways in which processing, chemistry, and microstructure csin be altered to yield 
enhanced properties. Furdiermore, this information feeds back into the hardware feilure 
analysis and provides the base line. 

Practographic analysis is one of the most powerful tools for the failure analysis of an engine or 
rig component. A carefhl study of the minute features of the topography of a fracture, by 
scanning electron microscopy or by fracture replicas viewed on an electron microscope, pro- 
vides a wealth of information concerning t’^e failure mode. A handbook of fractographs for 
metallic materials has been published to aid in the identification of failure modes using trans- 
mission electron microscopy replication techniques. Fatigue, stress-corrosion, etc, are 
characterized by electron fractographs and the techniques used to produce them. There is no 


comparable fractography handbook for ceramic materials. Purtherraore, there is virtually 
no im'ormation relating failure mechanisms, particularly under conditions of high -temperature 
creep and fatigue, to microstructural features for the materials considered in this process. 

During the screening and design data testing portion of the program, typical specimen fractures- 
produced in the cerEimic materials by thermal shock, thermal fatigue, flexure, tensile, and 
creep-rupture loadings — will be documented by optical, scanning electron microscopy and 
transmission electron microscopy (replica) techniques. The handbook of standard fractographs, 
thus compiled will be used in failure analyses of rig and engine-run ceramic components. 

The failure analyses of specimens as well as components will also include optical and electron 
microscopy studies of the microstructure, crack propagation, and arrest behavior in ceramic 
materials. As an example, an attempt will be made to determine how the critical flaw size 
of a ceramic body is related to its microstructural features, particularly the type, size, and 
distribution of phases and pores as well as grain sizes. If pores are larger than the average 
grain size, the critical flaw size will be related to pore diameter. On the other hand, if pore 
size is small with respect to grain size, the critical flaw size will be the grain diameter. Ihe 
size of surface flaws introduced by machining is also related to miorostructure. Because grain 
boundaries may be effective crack stoppers, the depth of penetration of such flaws is limited to 
about one grain diameter. The precise flaw depth is, of course, dependent not only on grain 
size but also on the severity of the machining operations. Surface finish would be expected to 
be more important in high-density than in low-density materials. 


CONCLUSIONS 


This document reports the results of a study program to establish how ceramic materials can 
be introduced into the Allison Model 404 industrial gas turbine engine. The following were the 
objectives for the study program engine developments 

• Obtain improved fuel economy [Goals 213 mg/W*h {0. 35 Ib/hp-hr) sfc at 100% power] by 
1981 through the use of ceramic materials and improved component efficiencies. 

• Meet current and projected federal emission and noise regulations. 

• Commercial application capability in highway buses and trucks. 

The study program was to produce a program plan to meet these objectives, recognizing the 
technical feasibility for meeting goals, costs for program plan, usage and cost of engines by 
truck or bus customers, and maximum applicability of advanced components to the current all- 
metal engines (which are planned for early production). 

The following conclusions were established from the results of this study program. 

1. The 213-mg/W*h (0, 35 Ib/hp-hr) sfc objective can be achieved by the end of calendar year 
1981 with an engine operating at 1241 “C (2265*’F) turbine inlet temperature. This engine 
will Incorporate ceramic components as follows: 

• Regenerator disks 

• Combustor 

• Turbine inlet plenum 

• Gasifier turbine inlet vanes 

• Gasi^er turbine rotor blades 

• Gasifier turbine stationary tip shrouds 

• Power turbine inlet vanes 

• Turbine exhaust diffuser 

In addition to ceramic components, improved efficiency for the compressor, gasifier tur- 
bine, power turbine, and ceramic regenerator will be incorporated. A new, two-stage, 
metal power turbine is required for the 1241 °C (2265 °F) operating temperature. More 
than 90% commonality of parts with the current all-metal engine will be maintained. 

2. Logical steps in turbine inlet temperature are from 1002°C (1835“P) to lOSS'C (1900"F) 
to 1132®C (2070“F) to 1241 “C (2?65°F). These steps allow a sequential introduction of 
ceramic components to promote early qualification of ceramic components for further 
development and field evaluations preparatory to production. 
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The order of state of development of ceramic components is as follows: 

# Ceramic regenerator disks — highest state of development 

# Ceramic turbine gasifier inlet vanes 

# Ceramic turbine stationary tip shrouds 

# Ceramic combustor 

# Ceramic turbine inlet plenum 

# Ceramic exhaust diffusers 

# Ceramic turbine rotor blade— -least development, highest risk 


Current and projected federal noise and emission standard can be met by all improved en- 
gines. Combustor development will be required to maintain a 25% production margin for 
NOx- 


A five-year program will achieve the target fuel economy with some ceramic components 
qualified for development leading to commercial engine production* 

A major emphasis on ceramic material characterization, design methodology, nondestruc- 
tive inspection, and techniques for rig and engine testing with ceramic components is re- 
quired to meet program objectives. 

Increasing the turbine inlet temperature to 1371 (2500 '’F) does not appear to be techni- 

cally feasible in a five-year time frame. Further, the best analysis with current tech- 
nology does not show a payoff in engine- related life cycle costs for buses or trucks. This 
conclusion should be reevaluated in the third and fourth years of the program. 
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APPENDIX A. BASE LINE ENGINE COMPONENT DESCRIPTIONS 
BASE LINE REGENERATOR SYSTEM 
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The base line engine regenerator system consists of two sets of hardware, one on each side of 
the engine. Figure 41 shows one set of regenerator hardware, which consists of an inboard 
seal, a stainless steel disk, an outboard seal, and two rub blocks. The disk is driven at the 
hub (see Figure 42) by a chain drive system with a viscous damper to damp frictionally induced 
vibrations in the system. The disk is a copper-brazed assembly, made from 0.05-mm (0.002 
inch) thick stainless steel corrugated into a triangular shape and spirally wound on a sleeve. 
The seals have two sealing faces. One is a wear face (graphite on all surfaces except the hot 
seal crossarm (which is Met-Net) which contacts the rotating regenerator disk; the other face 
has a leaf structure which seals against the cast iron engine block surfaces. Two rub blocks, 
located on the outboard side of the disk with the outboard seal, are provided to maintain the 
disk in a position parallel to the engine block sealing surfaces. 
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Figure 41. Base line metal regenerator disks and seals. 
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Figure 42. Base line engine regenerator drive system* 


The regenerator system performance in the base line engine is summarized as follows: 

Leakage 4 to 5% 

Effectiveness 86 to 89% 

Pressure loss^ 3. 3 to 4. 0% 

^he pressure loss includes ducting losses in 
the regenerator housing* 

BASE LINE COMPRESSOR 

The base line engine incorporated a fixed- geometry, single-stage centrifugal compressor with 
a channel-type radial diffuser. The compressor general arrangement is shown in Figure 43. 
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The air is discharged from a diffuser into an irregularly shaped cavity in the engine block. 

This cavity contains a baffle at the top and bottom to effect hn approximate equal division of the 
air to both sides of the block which open to the regenerator system. 

The specific rating point performance objectives for the compressor are as follows; 

Design Point Performance— 29 “C (85 »F) day, 152 m (500 ft) altitude 


Adiabatic 
Efficiency 

82.4 

A full performance map for the base line compressor is shown in Figure 44. 

The mechanical life objectives for the compressor are tiie same as those fbn the engine — i, e. , 
two overhaul periods consisting of 7500 engine operating hours each (15,000 hr total). 

Compressor Impeller 

The compressor impeller is an aluminum alloy castmg producedby a rubber pattern process. 
The impeller consists of 15 fullrleng^ blades and 15 splitter blades. The contours of the fufi 
and splitter blades are identical near the impeller exit. The blade thickness distribution in the 
inducer area was selected to provide for both adequate draft during casting and for sufficient 
stif&iess to satisfy the blade resonant frequency r equirements. The inipeller blades have sub-: 
stantial backsweep at the impeller exit. The blade bending, which is induced by the baoksweep, 
is reduced by providing high thickness taper in the blades. 

A steel bushing is permanently installed into the impeller bore by press: fitting. The bushing 
incorporates two interference pilot diameters and a drive spline. The bushing rear flange 
contains a pilot diameter, face, and slot which mate; with shaft features to provide for impeller 
location and drive. The compressor impeller is retained to the gasifier rotor shaft with a single 
central tte bOlti A ring of hiateriai is provided at the rdar of the impeUer backplate to periiiit 
correction for imbalance by material removal. Material removal by drilling is permitted at the 
front of the impeller for unbalance correction. 

Compressor Diffuser 

The conipressor diffuser is of the radial chatttiel type and contains 24 passages vrith parallel 
front and rear surfaces . The front diffuser passage surface is provided by the diffuser rear 
plate. The additional passage geometry is provided by 24 equally spaced diffuser vanes. 
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Rotational 

Speed Airflow Pressure 

rpiii kg/ s (lb /sec) Rattio 

36905 1.56 (3.45) 4.0 
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The diffuser is clamped between the gasifier bearing support and the compressor cpver with 
" f 22 bolts which pass through holes m 22 of the diffuser vtoes. A pin is pressed into each of the 

remaining two diffuser vanes* engaging both the compressor cover and tiie gasifier bearing 
' support to provide accurate radial and circumferential location of the support to the coyer. 

; ■ ■ ^ ■ Compressor Coyer 

The compressor cover is a sand casthSg which contains radial stiffening ribs on its front face* 

; The cover bore and rear face are machined to a contour which matches the impeller blade 

at engine operating conditions* 

The compressor cover also serves as the forward pres sime diaphragm at the front of the en- ; ; ; 
gine to react the pressure loads associated with the compressor discharge pressure conditions. 
The gasifier rotor thrust bearing reaction* gasMer turbine nozzle loads, and gasifier bearing 
support pressure loads are additionally reacted into, the engine block through the cpmpr es sbr 
cover-to-hlock outer splitline. The gasifier hearing support is aligned and located axially With 
respect to the engine block through the support-to-diffuser-to-coyer clamping and the cover- 
tO“block splitline.. 

The compressor cover must contain any fragments which might result from a compressor im- 
peller failure to prevent damage to adjacent equipment, property, or personnels w 

BASE LUSTE GASIFIER NOZZLE AND TIP SHROUD . 

The gasifier nozzle assembly in the base line engine is an air-cobled assembly designed to pro-* 
vide the desired life objective of 15, 000 hours of mission operation. One percent of the com- 
pressor airflow is required to accomplish this at the 1002 °G (1835 ®F) engine cycle temp erafur 
of the base line engine. The gasifier nozzle ‘assembly comprises an annular nozzle casting witli 
air-cooled airfoils, a gasifier tip shroud over the rotor, a nozzle support struamre, and seal- 
ing features to prevent nozzle cooling air loss directly to the flow path. (See Figure^^^4^^ 

^ nozzle is cast from Martin Metals 509 alloy and is coated with a Detroit Diesel Ailison-de- 

/ veloped corrosion-resistant coating to improye hot corrosion resistance. The combustor out- 

let temperature profile results m a gasifier nozzle imet temperamre conditip^^ ■ : ; . 

Figure 46, The engine life objective of 15, OdO hours dictates that the nozzle peak metal tem- 
; r perature must not exceed 982 (1800 °F) for long term oxidation and sulfidation resistance- 

The gasifier nozzle heat transfer analysis shows that 1% of the compressor discharge^^fl^^ 
provide adequate cooling for the airfoils when the impmgement cooling flow is distributed, as 
: shown in Figure 47, Cpolihg air enters the vane impmgement tubes ;at the ^ to 

so that 0,6% of compressor discharge flow is distributed uniformly from th 
leading edge. This air then splits equally and flows between the tube and the suction and pres- 
sure sities of the airfoil. An additional 0,2% of coolmg air is required at both 
channel suction side and the mid-channel trailing edge to provide proper pooling. The copling ; . 
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Figure 45. Base line engine turbine schematic 
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air from the tube leading edge, suction side, and trailing edge exits from the airfoil through a 
vertical slot in the vane pressure surface near the trailing edge. In addition to the cooling air 
vane, a boundary of cooling air, 1. 76% of compressor flow, is supplied along the gas path sur- 
faces of the inner and outer bands. 


Attention was given to the selection of the number of gasifier nozzle vanes to ensure that the 
gasifier blade vibratory modes did not intersect vane passage frequencies in the high-speed 
operating range. The gasifier blades are clear of the vane passage frequencies (20th engine 
order) in the operating range except for the fimdamental mode interference just above idle 
rotor speed. The design maintained the axial vane trailing- edge- to- rotor-blade spacing in 
accordance with earlier development engine blade vibration experiencer 
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The gasifier nozzle casting^ provides the support for the gasifier statlonar 3 '' rotor shroud. The 
shroud perforins the following functions; (1) provides the gasifier rotor tip gas boundary and 
serves to control rotor tip clearance, (2) provides the support for the gasifier piston ring, 

(3) provides the primary restrictor to control the outer nozzle band cooling airflow, and (4) 
forms the outer flow path wall between the gasifier and power turbines. The shroud is attached 
to the rear of the gasifier nozzle outer band by five radially oriented headed pins which serve 
both as cross-key centering features and as axial retaining features. The headed pins are re- 
tained by weldment to the shroud. The shroud is cast in NX 188 material and is cooled to 
704®C (1300 ®F) by three ribs "diat are exposed to a flow of cabling air. A sheet metal cover Is 
provided at the periphery of the shroud to induce the flow of cooling air around and through the 
labyrinth formed by the shrOud circumferential ribs and the staggered rib slots. This cooling 
air is then introduced into the flow path as outer noz^e band cooling air. 

The gasifier nozzle loads induced by the shroud and the aerodynamic gas loading on the vanes 
are reacted by &e gasifier nozzle support which is a structural member that is cast in Inco 718 
material. 

Sealing of the support and nozzle at the rear requires a compliant member to accommodate 
differential axial thermal growth. The compliance was achieved by using an "E" seal design 
fabricated from bieo 718 material. 

Sealing is also required between the turbine inlet plenum and th<j hozzle support casting. This 
seal is achieved by engaging an extension of the plentun to the gasifier nozzle support when the 
engme is assembled. 

The considerations outlined in materials selection, aerod 3 mamics, air cooling, and mechanical 
design contribute to a gasifier nozzle and shroud assembly that is intended to provide 15, 000 
hours of useful life when used in the engine at a rated turbine rotor inlet temperature of 
1002 "C (1835 “F). 

BASE LINE GASIFIER TURBINE ROTOR 

The base line engine features high-technology turbine design considering the long-life objectives 
of the engine. Turbine operating conditions are severe for a long-life engine and require air 
cooling of the gasifier nozzle and careful attention to blade reaction levels and taper ratios to 
achieve design life goals in the blading. Rotors are designed with useful life goals of two 7500- 
hour overhaul periods or 15,000 hours at mission operating conditions. The approach to the 
design of the turbines involved an iterative loop approach. This process began with the engine 
cycle definition and terminated wi^ completion of the detail drawings. Between these two end 
points, appropriate technologies were selected for aerodynamics, cooling, vibration criteria, 
structural criteria, materials, combustor pattern, manufacturing methods, and quali-fy. The 
resulting turbine general hrrangenient ahd secondary flow ^stem are shown in Figure 48. 



The gasifier turbine rotor comprises integral disk and blades which, by impulse and reaction, 
extract power from the main gas stream to drive the compressor, regenerator, and certain 
accessories and provide a portion of the engine power output. The rotor is of cast Mar-M246 
material and the airfoils are coated with a DDA -developed coating for oxidation resistance. 

The gasifier rotor has 56 blades. It is secured to the shaft by a tie bolt which mates with the 
turbine wheel forward stub shaft and is retained by a transverse pin. The gasifier rotor shaft 
pilots on the outer diameter of the wheel forward stub shaft and extensions of the bolt retaining 
pin engagement slots in the shaft to provide the torsional connection between wheel and shaft. 
The energy absorbed by the gasifier rotor is transmitted to the compressor through the gasifier 
shaft and to the engine output during power transfer through the quill shaft. The quill shaft 
pilots on the rear of the gasifier disk and is retained by six bolts and nuts. 
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Turbine performance objectives were selected to match a performance cycle producing 224 
shaft kW (300 hp) and 274 mg/W*h (0.45 Ib/hp-hr) sfc. The turbine design point performance 
conditions are listed in Table XXL The full turbine performance map is shown in Figure 49. 
The approach to aerod 3 mamic design considered the application of several technological ad- 
vances to improve performance or maintain performance in the configuration. The following 
are some of the more significant considerations: 

# Vane endwall contouring was used in the gasifier turbine to reduce secondary flows and 
their attendant losses in the vane row. 

# Controlled vortex velocity diagrams, which handle the continuity, momentum, and energy 
equations in a radial equilibrium flow solution, were used. 

# Flow path radii anci blades solidity were selected to minimize inertia of the gasifier rotor. 


TABLE XXI. BASE LINE GASIFIER TURBINE DESIGN POINT CONDITIONS 

Parameter 

Value 

Blade Inlet Total Temperature 

1002»C (1835“F) 

Vane Inlet Total Pressure 

382.7 kN/m^ abs (55.51 psia) 

Blade Inlet Gas Flow 

1.461 kg/s (3.221 Ib/sec) 

Blade Inlet Corrected Gas Flow 

0.8328 kg/s (1.836 Ib/sec) 

Blade Inlet Fuel/Air Ratio 

0.0115 

Rotational Speed 

36,905 rpm 

Corrected Rotational Speed 
Direction of Rotation as Viewed from 
the Rear of the Turbine 

17, 770 rpm 
Counterclockwise 

Power 

309 kW (415 hp) 

Work 

212 kJ/kg (91. 1 Btu/lb) 

Corrected Work 

49. 1 kJ/kg (21. 1 Btu/lb) 

Expansion Ratio 

2.065 (total-total) 

Efficiency Goal 

87. 0 (total-total) 


Vehicle miss on simulation analyses were conducted to establish the sensitivity of turbine blade 
stress ruptui‘e life and turbine wheel cyclic life to the various vehicle operating modes and 
their distribution. These studies indicated that if a 2400-hr life can be provided in the gasifier 
turbine blade at the engine power rating condition, the blade will have a 15, 000-hr life capability 
at the normal mission condition distribution. The 15, 000-hr mission life objective is equivalent 
to 1 200 000 km (750,000 miles) (two overhaul periods). This study also indicated that the tur- 
bine wheels will be exposed to a large number of major thermal cycles during this 15,000-hour 
mission life. 

Turbine disk cyclic life design criteria were defined by the two cycles as described below. The 
wheels must be capable of withstanding 7500 cycle A and 37, 500 cycle B alterations without 
failure. 
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Design point parameters 


Temperature = 1002®C (1835T) 

Expansion Ratio = 2.06 (total-to-total) 

Efficiency = 87% (total-to-total) 

Speed = 36,905 rpm (= 100% N/V^ 
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Figure 49. Base line gasifier turbine performance map. 


Cycle A 

A. Rapid acceleration from cold start to design point 

B. Stabilize metal temperatures at design point 

C. Dynamic braking from design point 

D. Shutdown from dynamic braking 



7500 Cycles 








37, 500 Cycles 


Cycle B 

A. Dynamic braking from design point 

B. Dynamic braking to design point 


bi addition to blade stress -rupture life, disk cyclic life, and gasifier nozzle cooling requirements 
a munber of specific mechanical parametric limits were defined to ensure that the mechanical 
design objectives would be achieved in accord with the aerodynamic design of the turbine. The 
constraints addressed the foDowing problems: 

• Rotor degree of reaction and blade area distribution must satisfy blade life objectives 

• Blade trailing edge radius must equal or exceed 0. 254 mm (0. 010 in) to ensure adequate 
cast part qualify level 

• Blade thickness distribution near the trailing edge at the base must taper radially to 
minimize fatigue concentration factor. 

• Blade frequency must avoid coincidence with vane numbers within the engine operating 
speed range to avoid blade fatigue excitation. 

• Axial spacing between vane trailing edge and blade leading edge must be equal to or greater 
than 10 mm (0. 40 in. ) in gasifier turbines and 6. 3 mm (0. 250 in. ) in power turbines to 
diminish blade excitation. 

• Turbine blade geometry must provide that the passage between adjacent blades can be 
extracted along a straight line without rotation to facilitate high-volume/low"COSt foundry 
practice. 

• Gasifier turbine nozzle vane shape must permit the incorporation of an imtwisted impinge- 
ment cooling tube within the vane. 

The blade desigufor the gasifier turbine was completed and all aerodynamic and mechanical 
considerations were satisfied. Designing blades for pullabUify required the development of a 
new methodology. 

"Pullabilify" refers to blade geometry which allows the passage shape between blades to be 
extracted on a straight line without rotation to facilitate high-volume/loW-cost foundry practice. 

The en^e provides dynamic braking for vehicle operation, hi the dynamic braking mode, the 
engine is motored up to 85% rated gasifier rotor speed in a fire-out condition. This operation 
quickly cOols turbine rotor blading and disk rfya. reversing normal disk temperature gradients. 



Because of the criticality of accurate determination of disk and blade metal temperature, a 
two-dimensional finite element model was developed for heat conduction analysis. Heat trans- 
fer analysis methods were correlated with data obtained from a previous model gasifier wheel 
during engine test. Finite element two-dimensional model analysis methods were used to es- 
tablish stress distributions in the turbine disks. Temperature and stress distributions were 
established for the following conditions; 

# Fire-up from stabilized ambient conditions 

# Stabilized conditions at design point 

# Prolonged dynamic braking from design point 

Based on computer stress comparisons with available low cycle fatigue data available for Mar- 
M246 material, the turbine disk designs have a satisfactory steady-state and cyclic life. 

BASE LINE POWER TURBINE NOZZLE 

The hot gases from the gasifier rotor are directed to the power turbine nozzle through an inter- 
stage duct. This duct is a diffusing passage whose inner wall is formed by the gasifier shroud. 
The inner duct material is Hastelloy X and has an estimated metal temperature 704 ®C (1300®F). 
The power turbine nozzle assembly arrangement is shown in Figure 50. 



Figure 50. Base line power turbine nozzle assembly. 
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The power turbine nozzle is an investment casting in HasteUoy S alloy. The nozzle is supported 
at the outer band by five radially oriented headed pins that are, in turn, welded to an AISI-410 
sheet metal support. The pins serve as a cross-key centering feature which permits the nozzle 
casting to grow thermally independent of the support. The number of headed pins and airfoils 
were selected jointly to permit slotting the nozzle inner band to effect a reduction of thermal 
stress level in the airfoils. The nozzle support is piloted and attached to the engine block and 
provides the piston ring seal bore feature. The nozzle inner band is flanged on the inside 
diameter and is slotted radially at five locations to provide a cross-key centering feature. The 
male portion of the key feature is provided by five tangs that project from a sheet metal ring 
that is posibLoned axially to the nozzle flange by the duct inner wall and by the interstage 
labyrinth seal supporting sheet metal. These sheet metal members are clamped together 
around the nozzle flange by ten rivets. The static member of the turbine labyrinth seal and 
the gasifier turbine rotor rear cooling air baffle are piloted to the supporting sheet metal and 
retained by six rivets. This design retains the radial centering featime required by the labyrhith 
seal and inner duct wall but permits the nozzle castmg to grow thermally without induced thermal 
stress from the supported members. 

The nozzle casting contains 40 airfoils cast integrally with the inner and outer bands. The 
HasteUoy S alloy selected for the casting does not require a coaUng when used in an engine with 
a rated gasiHer turbine rotor inlet temperature of 1002 *C (ISSS^F). The power turbine nozzle 
maximum metal temperature of 902*'G (1655 ®F) occurs at the SS’Jt span and is assumed to equal 
the stage gas temperature because air cooling is not employed. This temperature level (below 
the 954®C (1750®F) linoit for HasteUoy S material) satisfies the 15, Odd-hour long-term oxida- 
tion and sulfidation requirement. 

The power turbine rotor tip shroud is provided by a rearward extension of the nozzle outer 
band. The shroud incorporhtes a circiimferential rib to provide increased, stiffuess to maintam 
the roundness of the power turbine blade track. 

The anaterials selection, aerodynamic design, and mechanical design provide a power turbine 
nozzle assembly intended to provide 15, 000 hours of life in the base line engine. 

BASE UNE POWER TURBINE ROTOR 

The power turbine rotor (Figure 51) comprises an integral disk and blades which, by impulse 
and reaction, e^ract power from the rnain gas stream to provide desired engine power output. 

In the base line engine, the power rotor iS; of cast Mar-M246 material and the airfoils are 
coated with a Detroit Diesel Allis on- developed coating for oxidation resistance. The power 
rotor has 48 blades^ The disk is inertte,-welded directly to a steel shaft which supports the 
disk mass and transmits torque to the reduction gear system and power output shaft. The disk 
also provides the rotating labyrinth seal members for the front and rear disk cooling airflows. 
The cooling airflows metered by these labyrinth seals are approximately 0,14% at the front and 
0. 10% at the rear. The intent of these metered flows is to provide a supply of air that will pre- 
vent hot flow path gases from entering the disk cavity. 


Disk, and blade 


HIH 


Figure 51. Base line power turbine rotor. 


Turbine performance objectives for the base line engine were selected to match a performance 
cycle producing 22-1 shaft kW {300 hp) and 274 mg/W*h (0.45 Ib/Hp-hr) sfc. Power turbine de- 
sign point performance conditions are listed in Table XXII. A full performance map for the 
base line power turbine is shown in Figure 52. 


TABLE XXII. BASE LINE POWER TURBINE DESIGN POINT CONDITIONS 


Parameters 


Blade Inlet Total Temperature 
Vane Inlet Total Pressure 
Blade Inlet Gas Flow 
Blade Inlet Corrected Gas Flow 
Blade Inlet Fuel/ Air Ratio 
Rotational Speed 

Corrected Rotational Speed 
Direction of Rotation as Viewed from 
the Rear of the Turbine 
Power 
Work 

Corrected Work 
Expansion Ratio 

Efficiency Goal 


- ■ — ' "1 

Values : 

814“C 

{1498 -F) 

184. 1 IcN/m^ abs 

(26. 71 psia) 

1.488 kg/s 

(3.280 lb/ sec) 

1. 623 kg/s 

(3 . 578 Ib/sec) 

O.OilS 

30, 705 rpm 

(90.0%) 

IS, 980 rpm 


Clockwise 

212 kW 

(285 hp) 

143 kj/kg 

(61.5 Btu/lb) 

38. 8 kj/kg 

1 

(16. 7 Btu/lb) 
1,721 

(total- axial) 
89.7 

(total- axial) 











Design point poromoters 




Tomperoture ■ 814*C (1498T) Q]> wn. 

Expanfion ratio = 1 .72 (totol-to-oxiol) Of fa ^ 

Efficloncy ■ 89.7 (totol-to-oxiol) 

Speed » 30,705 rpm (= 90% hV V 9) ^ 



Figure 52. Base line power turbine performance map. 


The approach in aerodynamic design considered the application of several technological ad- 
vances to improve performance over previous development versions of the engine. The follow- 
ing are some of the more significant considerations which affected the power rotor: 

# Controlled vortex velocity diagrams, which handle the continuity, momentum, and energy 
equations in a radial equilibrium flow solution, were used. 

# Detailed flow analyses were used with iteration on airfoil contours to provide pressure 
and suction surface velocity distributions which minimize suction diffusion and loss. 

# The power turbine requires peak efficiency at about 90% power turbine rpm when the 
gasifier is at 100% so as to have a wide range of output shaft rpm over which the engine sfc 
is close to optimiun. 
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Vehicle mission simulation analyses were conducted to establish the sensitivity of turbine blade 
stress rupture life and turbine wheel cyclic life to the various vehicle operating modes and 
their distribution. These studies indicate^ that if a 1750-hr life can be provided in the power 
turbine blade at.the engine power rating condition, the blade will have a 15,000-hr life capabEi'^ 
at the normal mission condition distribution. This study also indicated that the turbine wheels 
will be exposed to a large number of major thermal cycles during this 15,000-hr mission life. 
These cycles result both from engine fire-ups which initiate at stabilized ambient conditions 
^nd from vehicle operation in the prolonged dynamic braking mode (with engine fuel shut off). 
Turbine cyclic life criteria established that disks must be capable of withstanding 7500 start- 
run-stop cycles and 37, 500 ron-brake-run cycles. 


In addition to blade stress-rupture life and disk cyclic life, a number of specific mechanical 
parametric limits were defined to ensure ihat the mechanical design objectives would be achieved 
In accord with the aerodynamic design of the turbine. The constraints addressed the following . 
power turbine problems: 

• Rotor degree of reaction and blade area distribution must satisl^ blade life objectives . 

• Blade trailing edge radius must equal or exceed 0, 254 mm (0. OlO in. ) to ensure adequate 
cast part quality level. 

Blade thickness distribution near the trailing edge, at the base must taper radially to 
minimize fatigue concentration factor. 

• Blade frequency should avoid coincidence with vane passage number within the engine 
operating speed range to avoid blade fatigue excitation. 

• Axial spacing between vane trailing edge and blade leading edge must be equal to or greater 
than 6,35 mm (0. 250 in. ) to diminish blade excitation because of vane niunber in power 
turbines. 

• Turbine blade geometry must provide that the passage between adjacent blades can be 
extracted along a straight line without rotation to facilitate high-volume/low-cost foundry 
practice. 

The power turbine blade design was completed and all aerodynamic and mechanical considera- 
tions were satisfied. 

The power turbine duty cycle requirements for the base line engine were given considerable 
attention in rotor designs. Temperature and stress distributions were established for the 
following conditions; 

•. Bire-up from stabilized ambient conditions 

• Stabilized conditions at design point 

• Prolonged dynainic braking from design point 


Based on computed stress comparisons with available low cycle fatigue data available for 
Mar-M246 material, the power turbine disk design has a satisfactory steady-state and cyclic 
life, 

BASE LINE TURBINE INLET PLENUM 

The turbine inlet plenum is a transition piece which collects the combustor outlet gas flow and 
turns and directs it to the gasifier nozzle annulus. In the base line engine, the plenum is a 
metal structure mounted on the rear of the gasifier bearing support and piloted by a mating 
seal flange on the containment ring support (Figure 53), The combustor can is piloted in the 
ID of the plenum entrance opening, and the plenum exit annulus is spaced away from the gasifier 
nozzle annulus to allow for the introduction of boimdary (muff) cooling flow. The net free body 
loads on the plenum induced by static pressure distribution are shown in Figure 54. 

The shape of the plenum is designed to provide a gradually diminishing flow area from top to 
bottom as the gas flow is distributed to the nozzle annulus and is known as a ’’constant velocity” 
design. Because of requirements for strength and oxidation resistance, Hastelloy X has been 
selected as the plenum material. 

The performance objective of the plenum is to distribute the combustor outlet gas flow uniformly 
to the gasifier nozzle annulus with a minimal total pressure loss (AP/P). Based on testing in 
the burner rig, the performance objective has been satisfactorily met. The plenum durability 



Figure 53. Base line turbine inlet plenum arrangement. 



In the base line engine, the coinbustor is a single can, mounted v<^rtically in 
ward half of the engine, block. It is fed by Regenerated air forward;block ca:vi^ and dis 

charges into the turbine inlet plenum. The combustor forms a single chamber in Which comT- 
bustion is discontinuous— fhel flow Is cut off with zero throttle demand to maxiiiiize engine ; 
dynamic braking and minimiz e 5 ? shows the pres ent de sign. The dome 

and walls of the combustor are composed of Xiamilloy material and are attached to the burner 
cover through studs in a small casting welded to the dome. 

Gombustor performance is gaged by several characteristics including lighting, temperature 
pattern, eniissions, and pressure drop. The current combustor is within acceptable limits, 
based bn those cha^racf eristics The cpmbustb is projected to meet the du gosd. of an 

equivalent of 15, OOO hours of engine operation, based on an eyaluation of metal temperature 
measurements from short*-term Ongme testing. 
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Figure 55. Effect of turbine inlet temperature on plenum metal temperature— base line engine 
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Figure 56. Base line combustor arrangement 




BASE LINE EXHAUST DIFFUSER 


The turbine exhaust diffuser is a device designed to obtain low-loss diffusion from the power 
turbine exit to the regenerator disk inboard faces. For the base line engine* the configuration 
chosen consists of two assemblies which combine to form a curved annular flow path (Figure 
57). The inner diffuser assembly consists of an inner wall, insulation blankets, and an insula- 
tion retainer. Struts and flow splitters are also mounted on the inner wall. The outer diffuser 
assembly is a simple sheet metal shell which is mounted on the engine bulkhead via a keying 
arrangement to accommodate thermal growth. 

The performance objective of the exhaust diffuser is to recover as much as possible of the 
dynamic head leaving the power turbine while distributing the gas uniformly to the regenerator 
disks. Within these constraints, the current exhaust diffuser design has achieved adequate 
distribution with a total pressure loss of 2. 62% at the design point operating conditions. 

With respect to durability, the goal is an equivalent of 15,000 hours of engine operation. Based 
on the results of limited durability testing, the life of the exhaust diffuser appears to be accept- 
able. 



Figure 57. Base line exhaust diffuser arrangement. 
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APPENDIX B, ENGINE AND VEHICLE PERFORMANCE 


power 


Figure 58. Base line engine performance 
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Figure 59. 1002®C (1835®F) study engine performance 
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Figfure 60. 1038“C (1900T) study engine performance 


Figure 61. 1132'^ (2070T) study engine performance. 
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Figure 62. 1204“C (2200T) study ei^ine performance 


Shoft power— kW 


Figure 63. 137 1“C (2500‘’F) study engine performance 
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Design point parameters 


Temperature = 1204*C (2200T) 

Expansion ratio = 1 .929 (total-to-total) 

Efficiency = 86.1% (totol-to-total) 

Speed = 43,000 rpm (= 100% N/yf$) 



Figure 64. Advanced technology gasifier turbine performance map. 
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Gas condition station numbori LJ"* Socofidory flow station numbors 
Alt temperature (T) and pressures (P) ore totals except T^2 stotic 
To » TAMB, Pb = PAMB 

Secondary flow percentoges are referenced to upstreom station locations (opprox) 
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Figure 66. Performance station locations. 
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TABLE XXIII. BASE LINE ENGINE PERFORMANCE 


«R 


(SiA 


LB/SEC 


LB/SEC 



Sl» NO. 

TEMPERATURE 

PRESSURE 

CORR. FLOU 

MASS FLOW 

PRESSURE RATIOS 

E Ff ICIENCY 


1 

0.544670E 03 

0.14216CE 

02 

D.3654P8E M 

0.345D15F 

01 

C.399971E 01 

0.R23972F 00 


2 

0.863102E 03 

3.56B599E 

02 

0.103051E 01 

0.3090R3E 

Cl 

0.177658E-02 

0.0 

100% Power 

3 

0.162628E 04 

C.5675fi9£ 

02 

0.139CC2E 01 

0.3031RRF 

n 

0.220001 E-01 

C.976000E 00 

4 

0.229500E 04 

0.555102E 

02 

0.1835ft5E 01 

0.322118E 

01 

0.206496E 01 

0.869996E 00 


5 

C.197620E 04 

0.268P19E 

02 

0.343729E 01 

3.32211PE 

01 

O-IOOODOE 01 

0.0 

POWER 300 HP 

6 

0.195765E 04 

0.268819C 

02 

0.348378F 01 

0.328018F 

01 

0.690973F-02 

0.0 

7 

0.1V5765E 04 

0.266962E 

02 

0.357995E 01 

0.32P030E 

01 

0.1721441 01 

0.P97C54E 00 

SFC 0.450 LB/HP/HR 

8 

C.173792E 04 

0.15508CE 

02 

C.569006E 01 

0.32803CF 

Cl 

0.275920E-01 

0.3 

9 

0.1723P6r 04 

0.150H01E 

0? 

0.6G3262E 01 

3.339552E 

01 

0.306912E-01 

G.8BP542E 00 


10 

C.104937E 04 

0.146173E 

C2 

0.492656E 01 

0.344509E 

01 

0.0 

0.0 

FUEL FLOW 135 LB/HR 

11 

0.0 

0.0 


0.0 

0.344509E 

01 

0.0 

0.0 


12 

C. 1045757 04 

0.144322E 

0? 

o.c 

0.344509E 

01 

0.128288E-01 

0.0 


STA NO. 

TEMPERATURE 

PRESSURE 

CORR. FLOW 

MASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 


1 

0.544673E 03 

0.14216Cfc 

02 

0.232622! Cl 

0.2197S1E 

01 

0.2596P8E 01 

('.P25C32F 00 


2 

C.750767E 03 

0.3691731 

02 

0.9429P1F 00 

0.196891F 

01 

0.254279E-02 

O.C 

50% Power (APPROX) 

3 

0.176823E 04 

0.36P234E 

02 

C.142316F Cl 

0.193136E 

01 

0.23061RE-ni 

n.976onoF ro 


4 

C.22E449E 04 

0.359742E 

02 

D.17953CE n 

0.204729E 

01 

0.177945E 01 

C.862243C 03 

POWER 138 HP 

5 

C.202967E C4 

0.202164E 

0? 

0.294397E 01 

0.204729E 

01 

O.ICOOOOF 01 

C.C 

6 

C.200839E 04 

0.202164C 

02 

0.298226E Cl 

U.2064R7F 

01 

0.5C2986E-02 

r.c 

SFC 0.500 LB/HP/HR 

7 

0.2CC839E 04 

C.201147E 

02 

G.3C593PF Cl 

0.208531E 

01 

0.134206E 01 

n.®875Q9F 00 

8 

0.188457e 04 

0.149R79E 

02 

0.3P9747E Cl 

0.2C853U 

01 

0.127657E-01 

O.U 


9 

0.1P6697F 04 

C.147966E 

02 

C.4C6776E 01 

0.215F71E 

n 

C.20C142E-01 

C.9135C9E OD 

FUEL FLOW 69 LB/HR 

10 

0.964545E 03 

0.145004F 

0? 

0.302710F 01 

0.219029E 

01 

0.0 

0.0 

11 

C.C 

0.0 


0.0 

0.219029E 

n 

0.0 

C.P 


12 

0.963220E 03 

0.144317E 

02 

C.C* 

0.219029F 

01 

0.476170F-02 

l.C 


i 


STA NO. 

TEMPERATURE 

PRESSURE 

CORR. FLOW 

MASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 

( 


1 

C. 544670c 

03 

0.142160F 

02 

C.125231E 

0% 

C.1U216F 

01 

0.140962E 01 

0.7S2050F 

00 



? 

C.619234E 

03 

C.20U391E 

02 

0.848625E 

'0 

C.105904E 

01 

0.310445E-02 

O.o 



Approx. Idle 

5 

C.132227F 

04 

3.199769E 

C2 

0.122C19E 

Cl 

C.1C3884E 

Cl 

0.169531E-01 

0.976000E 

00 

4 

0.151629E 

04 

3.196383E 

02 

0.1419F2F 

01 

0.109489F 

Cl 

0.130750F 01 

C.f 5753PF 

OC 

} 


5 

C.142913F 

04 

0.150197E 

C2 

0.177824E 

01 

0.1C94S9E 

ri 

0.100000F 01 

O.D 



POWER 3.3 HP 

6 

C.141519F 

04 

0.150197E 

0? 

0.1FD221E 

01 

0.111510E 

n 

0.181538E-02 

O.C 




7 

C.141519F 

04 

G.149924E 

C2 

0.1P2746F 

n 

0.111519F 

Cl 

0.102753E 01 

C.93S326E 

00 


SFC 4.120 UB/HP/HR 

fe 

0.1405E5F 

U4 

0.1459C7E 

C2 

C.184921F 

M 

0.111519F 

Cl 

n.2«45B8E-02 

0.0 

OD 


9 

C.139323F 

04 

3.U5492E 

02 

C.151153E 

G1 

C.115466E 

G1 

0.6996J9E-02 

0.910341F 

5 

FUEL FLOW 13.6 LB/HR 

10 

11 

C.756425F 

0.0 

03 

3.144474F 

0.0 

02 

0.143925E 

0.0 

01 

0.117165F 

0.117165E 

01 

01 

0.0 

0.0 

0.0 

r.r 


1 


12 

e.756lS5F 

03 

3.14432CE 

0? 

C.C 


0.11 7165E 

t1 

C.106716F-P? 

:.c 



CO 


pmqiNAD PAGE IS 
OR POOR QPAI4T^ 
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TABLE XXIV. 1002*C (1835'F) STUDY ENGINE PERFORMANCE 



BASELINE ENGINE WITH CERAMIC REGENERATORS 





»R 

PSIA 

LB/SEC 

LB/SEC 




STA 

T^HPCp aT»K? 

«>'^=S5t!3'r 

CCRP. PLOW 

9ASS FLOW 

OR=SSUR= RATIOS 

FFFICIENCV 


T 

0.944477*^ 03 

0.142160= 0.' 

C.3657P3F 71 

0,344«»2= 31 

0,4003?6E 01 

3.374291F 09 


■» 

0,9677^9*= 09 

''.5601 ?4= C2 

/',10'*Qf>QC 

C. 205910= 31 

0.764692^.07 

0,0 

KX)% Po\ er 


0.1f.44O2C 74 

0.557*^09' 02 

0.130716= 01 

0.303013= 91 

0.22?765=-01 

0.976000= 00 


u 

0.?'»o900P 04 

0. = =4O<i-»c 02 

0.133467E 01 

0.971549= 01 

0.705732= 01 

0.870022= 00 


*; 

0. 107747*? 04 

0.76Q645C 02 

0.342437= 01 

0.321849F 01 

O.IOOOOOF 01 

0.0 

PCy^ER 300 HP 

<s 

fv^joeoo^C 04 

0.25«6oe,F 

0.347C68F 01 

3 . 377745 c 91 

0.6R5725C-72 

0.0 


7 

0.1O99RSC 04 

''.267345= r.? 

r. 356616= 21 

3,327763= 71 

0.170465E 01 

0.3O6577E 00 


© 

0.1742AIF 04 

0.157126= 07 

0.561=30= 01 

0,327263= 01 

0.263921P-01 

0.0 

SFC 0.450 LB/HP-HR 

o 

0.1720O4C 04 

0.1576C1E 03 

0.5O57P9C 01 

0 , 339739 = 01 

0.441651E-01 

0.904675E 00 


ir 

7,1??47QC ;4 

7.146143= 07 

6.430307C 0^ 

0,944237= 01 

0.0 

0.0 


n 


w • 

3.0 

244237= OX 

O.O 

0.7 

fuel FLOW 135 LB/HR 

1? 

*'«1799?4C <^4 

r. 14437 1C 7-> 

2.7 

3 , 244237 = 01 

7.176572F-01 

C .0 


STA 

TcmoFRATURE 

03FSSURE 

CORR. FLOW 

WASS =L0W 

OR=SSUR= RATirS 

EFFICIENCY 


\ 

*'.S44470S 33 

C.l4?l6r= C2 

3.397187= 01 

0.21O131F 01 

0.260077= 01 

0.R25412E no 



0.731035= 03 

0.3647'>57 0? 

0,930160= 00 

0.196354= 01 

0,986163=-0? 

3.0 

50% Power (APPROX) 


0.131O99C 04 

0.363405= 02 

0.143896= 01 

0. 192600= 01 

0.235765C-01 

0.976000E 00 


4 

'»4 

r.35o7**->r f7 

0 . 170340 F 01 

0.204048= 01 

0.177448E 01 

0.86218IE 00 



'^.?0471'*= 34 

C. 202720= 02 

0.293366= 01 

0.204043= 01 

?. 100002= 01 

0.0 

PDWPfc liO HP 

h 

‘.?71“54E 34 

5.2027?':E 02 

0.2O7177E 71 

0.277796= 01 

7.49O421E-02 

3.0 

r w»tCi\ i^v III 

7 

:.?C1364C 04 

3,2:1723= 02 

3,304354= 01 

0*207344= 01 

0.132762F 01 

0.887101E 00 


9 

0.19oS«t3§ 04 

0.l5n7«l5C 02 

0.337227= 01 

0,207844= 01 

0.125964E-01 

0.0 

0 171 LB/HP-HR 

o 

0.1«»793qc 04 

0.1433O6C 0? 

0.404160= 01 

0*21=163= 01 

0.262730= -01 

0.949414= 00 

1 UP/ nr n>% 

I'J 

?.Q?6:63C 09 

r*.i440Aor 07 

0.29=712= 01 

0.218312F 01 

0.0 

0.0 


11 

-'.3 

0.2 

:.7 

0.713212E 01 

5.0 

0.0 

FUEL FLOW 66 U/HR 

1? 

r.0?4R4OC 03 

''.144213^ 27 

r.o 

0.218312E 01 

6.454225E-0? 

0.0 


STA 'fj. 

TFMPE^AT’R? 

P3ESSIPF 

CORR. FLOW 

MASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 


1 

0.54467DF 03 

0.142150= 0? 

0.124701= 01 

0.117716= 01 

0.141275E 01 

0.755746E 00 


7 

7,6103*^5= 33 

7.200327F 02 

0.543254= 20 

3.105456= 71 

0.4533B3F-02 

0.0 

Approx. Idle 

o 

0.136Q33E 04 

7^1ooo9sr c*3 

0.123551F 21 

0.103445= 01 

0.173810E-01 

0.976000E 00 


L. 

0.1S3743*- 04 

0.14645?= C2 

0.141797= 21 

0.103967= 01 

0.130595E 01 

0.B57317E 00 


«. 

0.I44016E 04 

0.150423= 02 

0.177387= 01 

0.108067= 01 

0.100000= 01 

0.0 

POWER 3.3 HP 


0.147502= 04 

0.150473C 02 

0.179774E 01 

0.110980E 01 

0.180656E-02 

0.0 


7 

3.142602= 04 

3.150156= 02 

0.132306= 01 

0.110991= 01 

0.102660F 01 

0.935212E 00 


p 

0.141503= 04 

3.146265= 02 

0.134317E 71 

0.110991= 01 

0.292508F-02 

7*0 

SFC 3.641 LB/HP-HR 

o 

0.140484= 04 

3.14 = 3f.3E 02 

0.19(3571F 01 

0.114O27F 01 

0.95078OP-02 

7.957074= DO 


17 

0.72'»593c 03 

0,144465= 02 

0,140024= 71 

0,116613= 31 

3.0 

0.0 


1! 

0.0 

0,0 

0.0 

0.116613= 01 

0.0 

0.0 

FUEL FLOW 12.0 

1? 

0.7?3459r 03 

0.14431QC 02 

0.0 

0.116613E 01 

0.100994E-02 

0.0 
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TABLE XXVI. liaa^C (2070»F) STUDY ENGINE PERFORMANCE 




»»R 

PSIA 

LB/SEC 

U/SEC 





STA NO, 

TEMPERATURE 

PRESSURE 

CORR. 6L0W 

MASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 



1 

0,544670E+03 

0,1421606+02 

0.3099636+01 

0.2926006+01 

0.4000C0E+01 

0.822000E+00 



2 

O,363073E4-O3 

0,5606406+02 

0.8685C96+0C 

0.260395E+01 

0.241643E-02 

0.0 

ir\n<)^ Pnw«r 


0, 132960P4U4 

0. 5672666+02 

0. I238846«.0l 

0.254612E+Q1 

0.2200CBE-01 

0.97600CE+JC 


— 

4 

0.251C JJE»04 

0.554786C+02 

0. 1636616+01 

O.267803E+OI 

0.198276E+CI 

0.8640006+00 



5 

0.2:j452F*04 

0.279802F+02 

C.290067E+C1 

0.267883E+ai 

O.ICOCOOE+OL 

0.0 


Qnn UP 

6 

0,2170C7f*0A 

0.279B02E402 

0.2960596+01 

0.275579E+01 

0.69226CE-02 

0.0 

POWcK 

^Vw nr 

7 

J.217C07E^a4 

0,2778656+02 

0.304B44E+0I 

0.275579E+01 

0.177742E+01 

0.869000E+00 



a 

0, L91991E*'04 

0,1563306+02 

0«498413E+0l 

C.275579E+01 

0.260500E-01 

J.O 


n AnA 1 P/UP-MR 

•c 

0. 190134E^04 

0.1522666+02 

0.5301C16+01 

0.286865E+0L 

O.399904E-CI 

0.932976E+00 

5pC 


i j 

0.104995E^04 

0.146175E+02 

C.417277E+C1 

0.291722E+01 

0.0 

0.0 



LI 

0,0 

0.0 

0.0 

0.291722E+01 

0.0 

0.0 

FUEL FLOW 

121 LB/HP 

12 

0, 104632E^94 

0.144325E+02 

C.C 

0.291722E+01 

0.128202E-01 

0.0 



STA NO, 

TE’HPERATUPE 

PRESSURE 

CCRR. FLOW 

HASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 



1 

0.54467084^03 

0. 1421606 + 02 

C. 1973076 + 01 

0.186255E+01 

0.25980IE+01 

O.S23143E+00 


2 

0,751344F*03 

0.369334E+02 

0.793817E+0C 

0.165755E+01 

0,3338226-02 

0.0 

1 50% Power (APPKQa) 

3 

O.^CCCSAE^OA 

0.5681016+02 

C.127O09E+O1 

0. 1620736+01 

0.2315396-Cl 

C.97600CE+0C 



4 

J,253C00F4'04 

0.3595785+02 

0.157250E+01 

0.170037E+01 

0.1721536+01 

0.656052E+00 



5 

0,226930E«'04 

0.2000726+02 

0.2502396+01 

0.1700376+01 

0.100C006+01 

0.0 



6 

0.223029E4-J4 

0.2080725+02 

0.255225E+01 

C.1749356+01 

0.512105E-02 

0.0 

POWER 

136 

7 

0.223029E4-04 

0.207802E+02 

O.262513E+0I 

C. 1750766+01 

0.137922E+C1 

0.881104E+00 



d 

O,2J0423E4'O4 

0.1506675+02 

0.342317E+01 

0.1750 76E+01 

0. 1213008-01 

0.0 



9 

0,2D6157E4-C4 

0.1408396+02 

0.358779E+CI 

0.1022606+01 

0.259311F-C1 

0.956152E+00 

SFC 

0.433 LB/HP-HR 

10 

0,954100E»03 

0.144980E+02 

0. 2548205+01 

0.185352E+01 

0.0 

0.0 



11 

0. 3 

0.0 

0.0 

O.105352E+OI 

0.0 

0.0 



i2 

0,952870E«-03 

0.144299E+02 

0.0 

0. 105352E + O1 

0,4710786-02 

0.0 

FUEL FLOW 

59 LB/HP 










STA NO, 

TEMPERATURE 

PRESSURE 

CCRR. FLOW 

MASS FLOW 

PRESSURE RATIOS 

EFFICIENCY 



1 

0,5446706+03 

0.142160*= +02 

0.1060C2E+01 

C.100064E+01 

0. 1411006+01 

Q.751954E+0C 


2 

0,6194705+03 

0.200599C+02 

J.712979E+00 

0.8905106+00 

0. 4101516-02 

0.0 


— 

”» 

0, 1514C96+04 

0.199^766+02 

C. 1094376+01 

C. 8707316+00 

0.1716866-01 

0.97600CE+0C 



4 

0, 1699 F8E+04 

0.196346E+02 

0.124952E+C1 

C. 9077626+00 

0.1286096+01 

0.850550E+DC 



5 

0, 1609745+04 

0.152432E+02 

0.154177E+01 

0.9077626+00 

0.1000006+Cl 

0.0 

POWER 

2.9 HP 

f 

0, 1503406 + 04 

0.1524326+02 

C.157347E+01 

C. 9340796+00 

0.1929406-02 

0.0 



7 

0. 1503485+04 

0.152133E+02 

0. 159956E+01 

0.9342216+00 

0.I04066E+01 

0.919102E+00 



a 

0, 1560655+04 

0.146194E+02 

0.163318E+01 

0.9342216+00 

0.2739676-02 

0.0 

SFC 

3.335 LB/HP-HR 

9 

0, 15521B5 + 04 

0.1457936+0? 

0. 1696366 + Cl 

C. 9728186+00 

0.8994866-02 

0.9614956+0C 



10 

0,741824R+C3 

0.144482E+02 

C. 1203566+01 

0.989428E+00 

0.0 

0.0 



11 

0.0 

0.0 

c.o 

C.989428E+U0 

0.0 

0.0 

FUEL FLOW 

9.7 LB/HP 

12 

0,7415925+03 

0.1443326+02 

0.0 

• 

0.9B9428E+00 

0.1042376-02 

0.0 


^ . 
>TS7- 

V...._, 
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TABLE XXVII. 1204‘’C (2200“F) STUDY ENGINE PERFORMANCE 


100% Power 
POWER 300 HP 

SFC 0.357 LB/HP-HR 

FUEL FLOW 107 LB/HR 


50% Power (APPROX) 


FUEL FLOW 54 LB/HR 


Approx. Idle 

POWER 8.0 HP 

SFC 1.218 LB/HP-HR 

FUEL FLOW 10.3 LB/HR 




PSIA 

LB/SEC 

LB/SEC 



STA wb. 


HR?SSU«E 

CORR. FLOW 

RA$S FLOW 

PRESSdRF RATIOS 

EFFICIENCY 

; — ^ ■ 


■“JT1 

j.260j7f EfT'1 

3.25.3697Ef01 

3.4D'n35Ef31 

C. b29305E ► 33 

' ^ 

j.H6121>Efj5 

3.57'J'JV1E0)> 

3.75C.11Uf33 

3.22531 7r4^tjl 

D.19A281E-32 

C.O 

5 

LJ. fj; 

3.553751?*.32 

3. 1 1 3575E01 

3.221 535F4-01 

3.223D13E-31 

0.97H300Ef33 

5 


’■.T.fT20ntfyf 

5.2J2924E+P1 

■ *3:19027Be*01 

h.t7D999^03 

5 


3.292457tt32 

3.24R4blFf 31 

3.232926F4^01 

3.103333E»31 

0.0 

b 


3.272^5/E* j2 

3.254?9'4fcf 31 

3.240559r*D1 

3. J 

P.O 

? 

3.222i3>rfji 

3.?5>; j/£02 

3.>F»3?77F01 

3.243525E+01 

3.n?515F.01 

0.69'»997Ef33 

9 . 

3.2J^5^5F4- V, 

3.1b<ii0.=srf22 

'j.ib0393r*D1 

3.2CC}525r + C1 

3.245956E-31 

0.0 

i 


3.153513E+J2 

3.4f 6i03fc«'01 

3.249557E4ri 

3.281224E-31 

0.96?41^Ef33 

' — n — 

^TmsTi^Trr' 


' j:s^567tf 01 

3.25iJV?E+01 

d;3 

0.0 

11 

J.3 

3.3 


3.253392EiDl 

3.3 

0.3 

12 

D.n3223F-0<i 

3.UA529E + 3? 

0.: 

3.25 3592F*n 

3.135164E-31 

ti.C 

SIA MO. 

1EMPERAru?E 

?^E55J^E 

CORP. »LDrf 

«ASS FLOW 

RRESSJU RATIOS 

CFFICIFNCT 

r* 

:.545?i7 3rt:i 

■y.i;?57u*o? 

:.17o7?Tt01 

3.151M5E+C1 

3.259639601 

C.E3C339E03 


J.7W55I '05 

3.373111E*:? . 

3.5?f57??fOD 

3.143‘'^SFfr:i 

3.29D592E-32 

r.O 

\ 

..21131S"0'4 

3.55n*!5 = 0? 

:.ii3523r»oi 

3.nn9R?Fi-'^i 

3.2^1 35»E-31 

0.97feJ0aE»3D 



■”3.55*j5 jPf ♦’^2 

3.Ul ?77f ♦)! 

3.U79R2F+M 

3.157ft3RE*01 

C.*»A634lFfD3 

5 

:.259*y3»:> 

3.21; = v»£0? 

j.217'13ori 

3.1'w?b2F4ri 

3.103333Ef31 

0.0 

5 

3.25^5500^ 

3.?r4’5'^EO? 

3.?2?55ic01 

3.152595F4.IM 

3.3 

O.C 



<1 

3.?V0 54E*:2 

J.??774?rf 11 


3.U3677Ef 31 

r.F35105EfrD3 


D.217735^^ 4 

3.U55P5E + 0 

:.?07M»^E»31 

3.152®*»?«^+C1 

3.11??59E-31 

0.0 

i •> 

3.2153550 .'P 

..U7'?23EOd 

3.5?1»7?Ef31 

3.1585726^ri 

3.1S7545E-31 

r.972272E»3D 

1 't 

7r7>:77i ff j3" 

“J.IJTTSITO^ 

T. 273755E frTl 

3.151 31 SF + r 1 

7.0 

f .3 

11 

3.3 

3.3 

3 . j 

3.161315E4^1 

3.3 

0.3 

12 

3.?i‘i7700} 

3_.15;45?9E*':2 

^.3 

3.151315FfCl 

D.A99E21E-02 

l.C 

Sir ^^o. 



~F3RR. FL3W 

’IASS flow 

PRESSURE RATIOS 

rFFIClES'CY “ 

: 1 

♦*< 

*3.U252n + ' 2 

P.9132?DCf j3 

D.»*5A?5^F + n 

3.U1391F»D1 

0.761S«>0rf33 

2 


3.?31511E02 

w.tii2E??3£f o: 

3.769224F+L3 

3.359529E-3? 

0.0 

5 

3.155; '.i 

3.21)7 7032 

:.?os;3fcOj 

3.755935F4L? 

3.1?53?5E-*1 

r.97F333F03 


1.1:3 5^3 '' O ^ 

3.1 ?7 5 1 1 F*^ ♦■ j2 

11 235 2r* 31 

3. /?6393F ^C3 

3.1 ? 6303E *31 

f.. ‘'62535Ef 33 

5 


3.1S6523Ef:? 

3.13539f r 01 

3.7cf3®3F+( D 

'^.1''C0DjEf3l 

C.O 

€ 

:.W1317c«.V 
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LB/SEC 


TABLE XXVIII, 1371»C (2500°F) STUDY ENGINE PERFORMANCE 


100% Power 

POWER 300 HP 

SFC 0.344 LB/HP-HR 

FUEL FLOW 103 LB/HR 


50% Power (APPROX) 

POWER 121 HP 

SFC 0.398 LB/HP-HR 

FUEL FLOW 48 LB/HR 


STA fJO. 
1 
? 

3 

4 

5 

6 
7 
3 
9 

10 

11 

12 


TE MPEKATURE 
0. •>446 70 = 403 
0.863873E40? 


0.262685E404 
0. 25 6423 F. +04 
0.256423E+34 
0.2226R6E404 
0*220240t404 
0.103263fc404 
0.0 

0.107883=404 


TEMPERATURE 

0.5446 70E403 

3.749267E403 

0.21°187E404 

0.2766J9E404 

0.251183E4C4 

0.2443806+04 

0.2448 806+04 

0.2259tt5E+04 

0.2237855+04 

0.9744^*06+03 

0 . 0 

0.973185E+03 


PSIA 

PRESSURE 
0.1425215+07 
0.570C33E+07 
0. 5690575+02 
0.556579E+02 
0.303667E+02 
0.303667E+G2 
0.303667E+02 
0.I5315C5+07 
0.150376E+02 
0.146195E+02 
0.0 

0.144375E+07 


PRESSURE 

0.1425215+32 

0.36548rE+C7 

0.364558E+02 

0.356216E+02 

0.219594E+02 

0.219594E+0? 

0.719594E+02 

0.148674E+02 

0.1474695+02 

0.144977F+02 

O.D 

0. 1447695+02 


CORR. FLOW 
0.724C115+01 
0.617611F+00 
0.9546025+30 

Ci.l2 39l9c+t^l 

0.2081705+01 
0. 214022E+01 
C.21«5295+bl 
L.3o54645+:1 
0.4183515+01 
C.307217E+01 

c.o 

C.3 


CORR. FLOW 
0. 145493 F+01 
C.‘i8 77 13 5+00 
0.975144E+00 
0.120856E+01 
J.182079E+01 
0.1871C85+01 
0.1917786+01 
0.2656S0E+31 
0.77B177E+01 
0.190322C+01 
0.0 
o*.c 


MASS flow 
0.1376925+01 
0.170577E+01 
0.1176745+01 
0.123634E+01 
0.123634E+01 
C.178674E+01 
0.128766E+01 
0.1287636+31 
0. 1345116+01 
0.136976E+01 
0.136O78E+01 
C. 1369785+01 


PRESSURE RATIOS 
0.2564435+01 
C.752364E-C2 
0. 2208295-01 
0.162216E+01 
0.100300E+31 

C. O 

0.1477016+01 

D. S1C96B6-02 
0.16P9B15-C1 
0.0 

0.0 

C. 4906656-02 


efficiency 

9.8106O5E + CO 
O.C 

0.978000E+00 
0.E63241E + 00 
0 . '• 

O.C 

0. ‘76009E+00 

0.0 

0.*»75271E + C0 
0.0 
0.0 
0.0 


EFFlCIfeNCY 
0. 62?00C*E + C0 
0.0 

0.9760005+00 
0.5660 0CE + 30 
O.C 
0.0 

0.638C3.‘E+33 

O.C 

0. V7047OE + 00 
O.C 

0 . c 
O.C 


U/SEC 

MASS FLOW 
0.71703C=+31 
0.1856415+01 
0.1811805+01 
0.191:43E+31 
0.1011406+01 
0.1988905+01 
C .19Rt!9q5^Jl 
0.198R995+31 
0.2077425+01 
0.21154CE+01 
0.211540E+31 
C.211S40E+CI 


PRESSURE RATIOS 
3.40COCCE+01 
0.179O52L-02 
0.2192&9i:-01 
C. 1332 865+01 
0.1000005+01 
0.0 

*>.1932806+01 

C.lBlOCCk-01 

0.2781475-01 

0.0 

0.0 

0.129595E-01 



TEMPERATURE 
0.5446706+03 
0.619802E+03 
0. 1059OQ5+O4 
0.210145=+04 
O.2OO810E+O4 
0.1957536+04 
0. 1957E3E+C4 
0.1919 585 + 04 
0.1895876+04 
0.79 39;;8E + C3 
3.0 

0.7985 f2E+03 


PRESSURE 

0.142521E+02 

0.2C2114F+02 

0.201476E+02 

0.197995E+C2 

0.159798E+0? 

3.159298E+C2 

0.159298E+02 

0.I45680E+02 

0.145401E+02 

0.1444S1F+02 

0.0 

0.144?27E+02 


CORR. FLOW 
0.7885245+00 
0.499641 5+oO 
C. 847396 5+03 
C. 976669 E+OC 
0.116299E+01 
G.11V532E+01 
0. 1218025+./1 
C.12«4355+:i 
0.1346685+01 
0,8031 155+00 


MASS FLOW PRESSURE RATIOS EFFICIENCY 
0.717952E+00 0.1418145+01 0.7601 12E+00 

C. 6286005+00 0.3185776-02 0.0 

0.6134925+00 D.172S:5C-wl 3.V73CC0E+00 

0.640677E+QC 0.1P47925+C1 0.H57603E+00 

0.6406775+00 0.1000005+01 0.0 

0.666950E+G0 0.0 0.0 

'’.666961E+03 0.109348E + 01 0. .->565 30 

D. 6669615 + 03 0. 1913 iq c.a;> 3 ^^- 

0.6°69045+00 0.6325195-02 0. 9747945+00 

0.7^97665+00 0.0 0.0 

0.7307665+00 C.O C.C 

0.7007665+00 0.1068125-02 0.0 


Approx* Idle 


POWER 


FUEL FLOW 9.0 LB/HR 






Figure 67. 


Figure 69. Line haul truck fuel consumption 
with 1038“C (1900T) study engine. 


Figure 70. Line haul truck fuel consumption 
with 1132'>C (2070T) study engine. 
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Figure 68. Line haul truck fuel consumption 
with 1002®C (1835T) study engine. 
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Figure 71. Line haul truck fuel consumption 
with 1204"C (2200“F) study engine. 


Figure 72. Line haul truck fuel consumption 
with 137 1®C (2500TT) study engine. 
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Figure 73. Intercity bus fuel consumption 
with base line engine. 


Figure 74. Intercity bus fuel consumption 
with 1002“C (1835“F) study engine. 
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Figure 78. Intercity bus fuel consumption 
with 137 1"C (2500T) study engine. 


Figure 77. Intercity bus fuel consumption 
with 1204“C (2200°F) study engine. 


Figure 76. Intercity bus fuel consumption 
with I132“C (2070T) study engine. 
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Figure 75. Intercity bus fuel consumption 
with 1038‘’C (1900®F) study engine. 


0 Los Angeles to Solt Lake route simulation 
A Chicago to Boston route simulation 


70 BO 90 100 no 

Velocity— kn^ 








